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Abstract 
There has been an increased interest in alternative wastewater treatment systems to improve 
nutrients removal and energy consumptions while achieving acceptable discharge limits. 
Wastewater treatment plants (WWTP) have shifted their interest in treating the sidestream 
wastewater; a reject liquid post anaerobic digestion, rich in ammonium-nitrogen. A dedicated 
sidestream wastewater treatment unit has become an attractive option with the finding of a 
relatively new species of bacteria, anaerobic ammonium oxidizers (anammox), able to convert 
ammonium and nitrite into nitrogen gas. However, anammox bacteria are sensitive in 
environmental changes, and in combination with their low growth rate, it is challenging to 
establish a robust activity. Several technologies have been applied to develop partial nitritation, 
and anammox process. This study investigated sidestream wastewater treatment using 
Membrane Aerated Biofilm Reactors (MABRs). MABR is an innovative technology that 
enables capacity expansion in existing tanks in WWTP, providing better plant performance 
with a cost-effective solution. To date, limited studies have been published reporting the partial 
nitritation anammox (PNA) process using MABR technology for the treatment of sidestream 
wastewater streams. 
This research was conducted to investigate start-up strategies and characterize the performance 
of the sidestream PNA process in two lab-scale MABRs. Three start-up phases were studied, 
and a two-step PNA development was examined to assess the potential of the PNA process 
development in MABR systems. The first start-up strategy considered prioritizing selective 
growth of anammox bacteria on the membrane surface over aerobic organisms, which requisite 
turning the membrane process air off. During this period, ammonium and nitrite accumulation 
inside the MABRs were observed that were indicative of anammox bacteria inhibition. The 
results showed that process startup under this configuration was affected by several 
conventional MABR operating conditions and slow attachment of the anammox granule to the 
membrane surface. The MABR pH levels were often high, and pH control was found crucial 
during the start-up period. The observed elevated pH levels were identified to be associated 
with the pure nitrogen gas used for mixing purposes. All the parameters that negatively affected 
the process were carefully studied and applied in the subsequent PNA process startup that was 
successfully developed in MABRs. In the second approach, the startup strategy involved 
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selective growth of aerobic ammonia-oxidizing bacteria, followed by an introduction of the 
anammox bacteria in the pilot MABRs. The MABR partial nitritation and PNA process were 
developed under continuous and intermittent aeration mode.  The results showed that MABRs 
had a partial nitration capacity up to 4 g N/m2.d at a hydraulic retention time (HRT) of 24 
hours, removing up to 80% of the influent NH4-N. A subsequent PNA study showed higher 
ammonia and total nitrogen removal rates. The intermittent and continuous aeration modes 
showed maximum ammonium removal rates of 10.7 g N/m2.d and 6.8 g N/m2.d, respectively 
and total nitrogen (TN) removal rates of 5.2 g N/m2.d and 4.8 g N/m2.d, respectively, This 
study identified important MABR operating parameters for the successful startup of the PNA 
process for sidestream wastewater treatment with higher ammonium-nitrogen removal 
capacity.  
Keywords 
Partial nitration anammox process, aerobic oxidizing bacteria, anammox bacteria, municipal 
sidestream wastewater, ammonium removal, membrane aerated biofilm reactors (MABR) 
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Summary for Lay Audience 
In aquatic systems, nitrogen occurs primarily as ammonia, ammonium, nitrate, and nitrite. 
Ammonia can be harmful to aquatic organisms, while ammonium is harmless and nitrate levels 
in drinking water are related to infant methemoglobinemia. Microorganisms though, and 
environmental conditions can lead to changes between these forms of nitrogen. Due to those 
negative effects, some nitrogen compounds have on human and aquatic life, regulations have 
been instituted to protect the aquatic environments, animals’ and humans’ health and life. 
Different types of microorganisms have been studied during the years for biological nitrogen 
removal. However, a recently discovered one, able to consume ammonium and nitrite and 
produce nitrogen gas in the absence of oxygen, called anaerobic oxidizing bacteria (anammox), 
and its consistence with aerobic oxidizing bacteria (AOB), bacteria which convert ammonium 
to nitrite, is still investigated. The Partial Nitritation – Anammox (PNA) process, as it is called, 
has been studied in separate as well as in one-stage reactors for the ammonium removal of 
highly concentrated wastewaters, called sidestream, but still, there are questions to be answered 
regarding its successful performance. Membrane Aerated Biofilm Reactors (MABR) is a new 
and promising technology, as it can be installed in existing wastewater treatment plants’ 
(WWTP) tanks, increasing the area for bacterial growth while supplies oxygen to the 
microorganisms by diffusion. In our research, we examined the potential of the PNA process 
for sidestream wastewater treatment in MABR, studying the start-up phases, the difficulties 
during this period as well as the development of the process in the MABR systems. 
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Chapter 1 
1 Introduction 
1.1 Rationale  
Access to clean water and sanitation is one of the most severe problems humanity is facing 
throughout the world. Considering that the world’s population is expected to increase up to 9.7 
billion in 2050, 2 billion higher than the current population on our planet, current problems are 
expected to worsen, even in regions considered as water-rich (Shannon et al., 2008; United 
Nations, 2019). Nowadays, around 1.2 billion people do not have access to clean and/or safe 
drinking water, 2.6 billion have limited, or no sanitation, while approximately 1.5 million 
children die every year from diseases transmitted through polluted water (Shannon et al., 
2008). Many more are infected by waterborne bacteria yearly, indicating the significance of 
decontaminating waters before entering surface waters and the phreatic zone. Population 
growth and industrialization resulted in the use of a great amount of synthetic and natural 
components to satisfy modern society’s needs. Approximately, 300 million tons of synthetic 
compounds used by industries and consumers, and several million tons of fertilizers and 
pesticides used annually, end up in natural waters, such as rivers and lakes (Schwarzenbach et 
al., 2006). For instance, 65%-70% of applied fertilizers, which are rich in nutrients, is not 
absorbed by plants and will end up in ground and surface water. When nitrogen and phosphorus 
concentrations exceed the nutrient loading rates needed to maintain healthy aquatic ecosystems 
in the receiving water body, nutrient pollution occurs. This phenomenon is called 
eutrophication. During eutrophication, algal blooms form, resulting in dissolved oxygen low 
concentrations - hypoxic zones – and decrease water quality. In such an environment, the 
survival of fish and plants is impossible (Qin et al., 2013). It is essential to keep water quality 
high by treating wastewater before discharging to any other water source.  
Thus, following the increased need for clean water, wastewater treatment plants (WWTP) are 
using a more advanced treatment process to meet required effluent quality while managing the 
increasing influent flows. In conventional activated sludge wastewater treatment plants, one 
option is to treat thickened sludge using anaerobic digestion. The produced sludge (biosolids) 
is incinerated, landfilled, or land applied while the liquid – referred to as the sidestream 
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wastewater – are returned to the mainstream for further treatment. These streams are highly 
concentrated in nutrients, especially ammonia nitrogen, contributing only to 1%-3% of the 
mainstream flow but comprising up to 40% of the plant’s nutrients load (Bilyk et al., 2012). 
Among the various nutrient treatment processes that are being studied for sidestream 
wastewater treatment, partial nitritation anammox process is receiving a great attention due to 
its ability to convert ammonia and nitrite into nitrogen gas at a 60% less energy and 100% less 
carbon source, compared to conventional biological nutrients removal processes (Bilyk et al., 
2012). 
Furthermore, a relatively new technology called membrane aerated biofilm reactors (MABR) 
has gained great attention for nitrogen removal. MABR is equipped with a gas-permeable 
membrane to supply oxygen by diffusion to aerobic bacteria, which are formed on the surface 
of the oxygen supplier. As this technology is bubble less, no oxygen is lost to the atmosphere, 
making the system energy efficient (Casey et al., 1999).  
Several types of research have been examining the start-up phase of the PNA process for 
sidestream wastewater treatment in different bioreactors. However, to date, limited researches 
have been published reporting successful start-ups of the PNA process in MABR technology. 
Besides, the operating conditions for the anammox process, such as pH levels and mixing gas 
type, as well as long term PNA process performance in MABR is still unknown. This master’s 
thesis will address these research gaps.  
1.2 Objectives 
This goal of this research was to characterize a PNA process startup strategy using MABR 
technology for the treatment of sidestream wastewater.  The specific objectives include: 
(1) Establish anammox process startup in MABR before AOB establishment,  
(2) Characterize the impact of operating parameters, such as pH and mixing gas on anammox 
bacteria and, 
(3) Examine the development of the PNA process in MABR by enabling partial nitration first, 
followed by anammox inoculation under varying hydraulic retention time and MABR 
process aeration modes. 
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1.3 Thesis organization  
Chapter 1 represents an overview of the thesis and the rationale behind evaluating the 
sidestream PNA process in MABR technology as a promising method for nitrogen compounds 
removal. It briefly introduces the background of this study and states specific research 
objectives. Chapter 2 provides a comprehensive literature review of the background, 
principles, and applications of the sidestream PNA process and MABR technology. Chapter 3 
examined the potential of the anammox process establishment in MABR technology and 
addressed the operating boundaries. Chapter 4 evaluates and applies the findings of the 
previous study presenting the results of the sidestream PNA development in MABR systems. 
Finally, chapter 5 summarizes the main findings of this study and makes recommendations for 
future research. 
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Chapter 2 
2 Literature Review 
2.1 Wastewater Nitrogen removal processes 
Nitrogen is a macronutrient essential for life. Through the nitrogen cycle, where atmospheric 
nitrogen is converted into several nitrogen compounds, bacteria in the soil “fix” atmospheric 
nitrogen into ammonia, which is used by plants to grow (Brezonik and Arnold, 2011). Once 
nitrogen is part of the food chain, it will be converted into different nitrogen compounds such 
as amino acids and proteins, which will support the survival of the living organisms until it 
will return to its initial form. Nitrogen is limited in the natural environment; however, human 
activities have caused an imbalance in the natural nitrogen cycle mainly due to nitrogen 
fixation through industrial N2 fixation for fertilizers but also from burning fossil fuels that 
release nitrogen oxides (Brezonik and Arnold, 2011).  
In aquatic systems, nitrogen occurs primarily as ammonia (NH3), ammonium (NH4
+), nitrate 
(NO3
-), and nitrite (NO2
-). Ammonia and ammonium are different forms of nitrogen. The major 
factor that determines the proportion of ammonia to ammonium is the water pH. It is important 
to remember that un‐ionized ammonia can be harmful to aquatic organisms, while ionized 
ammonium is harmless. However, excess ammonium can be related to the overgrowth of algae 
– eutrophication – which, in turn, reduces oxygen levels and water quality (EPA, 2010). 
Furthermore, nitrate levels in drinking water are related to infant methemoglobinemia, caused 
by elevated levels of methemoglobin in the blood (Ward et al., 2018). Due to the negative 
effects, some nitrogen compounds have on human and aquatic life, Wastewater Treatment 
Plants (WWTPs), or Water Resource Recovery Facilities (WRRFs) as tending to be called, 
remove nitrogen to meet regulations aimed to protect the aquatic environments, animals’ and 
humans’ health and life. (Brezonik and Arnold, 2011). Several processes have been used so far 
for removing nitrogen from wastewater before it will be released back into nature. 
Conventional biological nitrification/denitrification processes are broadly used in WWTPs, 
while shortcut processes such as nitrite-shunt and partial nitritation – anaerobic ammonium 
oxidation (PNA) are considered as emerging nitrogen removal processes.  Ammonium-
nitrogen concentrations, different oxygen conditions – aerobic, anoxic, and anaerobic – 
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different types of microorganisms that can survive in such oxygen concentrations, as well as 
technology availability and financial capacity, are factors that lead the decision making when 
selecting one of the processes mentioned above to perform nitrogen removal.  
Often, conventional WWTPs use secondary processes for the removal of nitrogen from 
mainstream wastewater while using anaerobic digestion for solid wastewater stabilization. 
Sludge digester liquors generated during sludge treatment and digester processes, commonly 
known as sidestream wastewater, are returned to the mainstream liquid stream, increasing the 
influent nitrogen loading to the secondary process (Bilyk et al., 2012). Sidestream wastewater 
is characterized by high temperatures, low C:N ratios, and high ammonium concentrations due 
to digestion processes. Ammonium – nitrogen (NH4-N) in liquors from anaerobic digestion 
can contain over 800 mg/L (Lopez et al., 2008; Maslon and Tomaszek, 2007).  
 
Figure 2.1: Sidestream treatment diagram 
 In 1995, a planctomycete capable of anaerobically oxidizing ammonium (anammox) was 
identified in a denitrifying fluidized bed reactor, a missing bacteria which gave scientists new 
perspectives for nitrogen removal processes (Mulder et al., 1995; Strous et al., 1999). 
Anammox is an extremely low biomass yield bacteria (with specific bacteria growth rate 
μmax=0.065 d-1) Strous et al., 1998; Strous et al., 1999) thus have a longer, 11-17 days doubling 
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time (Strous et al., 1998; Gao et al., 2012), ) and has showed high sensitivity to changing 
environmental conditions (Xie et al., 2017). During the anammox reaction, ammonium is 
converted into dinitrogen gas using nitrite as the electron acceptor, producing small amounts 
of nitrate (Strous et al., 1998).  
2.2 Anaerobic ammonium oxidation (anammox)  
In 1990, researchers at Delft University, Netherlands, noticed that in an anaerobic wastewater 
purification system, during the denitrification stage, ammonium was disappearing (van de 
Graaf et al., 1990). After a series of batch tests and lab analysis, they concluded that the anoxic 
disappearance of ammonium from the denitrifying reactor was a biological process. However, 
it was not clear if nitrite or nitrate was the electron acceptor of the reaction. Strous et al., in 
1998, calculated the stoichiometry of this shortcut process, where it is obvious that ammonium, 
using nitrite as the electron acceptor, is converted to dinitrogen gas and a small percentage of 
nitrate, as mentioned above.   
4 2 2 2 3 2 0.5 0.15 21.32 0.066 0.13 1.02 0.26 0.066 2.03NH NO CO H N NO CH O N H O
+ − + −+ + + → + + +
(2.1) 
Anammox process plays an important role in the global nitrogen cycle (Neumann S. et al., 
2014) as it is responsible for at least 50% of nitrogen turnover in nature (Kartal et al., 2010). 
Anammox bacteria belong to the Planctomycetes group, they are chemolithoautotrophs 
organisms, and they were known as the “missing lithotroph” (Strous et al., 1999). Five 
anammox “Candidatus” genera have been identified since their discovery, with their 16S 
rRNA gene sequence identities described: “Candidatus Kuenenia,” “Candidatus Brocardia,” 
“Candidatus Anammoxoglobus,” “Candidatus Jettenia” and “Candidatus Scalindua” (van 
Niftrik and Jetten, 2012). All anammox microorganisms belong to the same order, Brocadiales, 
which forms a monophyletic group, deeply branching inside the phylum Planctomycetes (van 
Niftrik et al., 2008, van Niftrik and Jetten, 2012). Like all other Planctomycetes, the anammox 
bacteria have an ultrastructure atypical for bacteria, with a compartmentalized cytoplasm and 
no real peristaltic space. Transmission Electron Microscopy (TEM) studies of “Candidatus 
Brocadia anammoxidans,” the cytoplasm is divided into three separate compartments bounded 
by individual bilayer membranes. The innermost cytoplasmic compartment, the 
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anammoxosome, is bounded by the anammoxosome membrane, contains iron particles and 
tubule-like structures while occupies most of the volume of the cell. The second cytoplasmic 
compartment, the riboplasm, contains ribosomes and the nucleoid and is bounded on the 
outside by an intracytoplasmic membrane. Outside, the cytoplasm, membrane resides a 
putative peptidoglycans cell wall with no outer membrane (van Niftrik et al., 2008). 
2.3 Aerobic oxidizing bacteria (AOB) 
Aerobic oxidizing bacteria belong to the nitrifying bacteria group, are chemolithotrophic 
organisms, and include species of the genera Nitrosomonas and Nitrosococcus. They get their 
energy by the oxidation of nitrogen compounds. More specifically, AOBs get their energy 
oxidizing ammonia/ammonium to nitrite. AOBs have a complex internal membrane system 
that is the location for the key enzymes as ammonia monooxygenase, which oxidizes ammonia 
to hydroxylamine, hydroxylamine oxidoreductase, which oxidizes hydroxylamine to nitric 
oxide. The latter is oxidized to nitrite by an unidentified enzyme (Kuypers et al., 2018).  The 
AOBs produce nitrite according to the next reaction (Graham and Jolis, 2017):  
4 2 3 2 2 5 7 2 2 32.4 6.72 2.51 1.04 0.12 6.51NH O HCO NO H O C H NO H CO
+ − −+ + → + + +          (2.2) 
The AOBs and Anammox bacteria can be combined to convert ammonium to dinitrogen gas 
using a process called partial nitritation – anammox (PNA), where the AOBs are converting 
the available ammonia to nitrite. Then, Anammox converting NO2
- and the remaining NH4+ 
to nitrogen gas (N2), using NO2
- as the electron acceptor.  
2.4 Partial nitritation – anammox Process 
Partial nitritation – anammox (PNA) is the process where approximately 50% of the 
ammonium is converted to nitrite, under aerobic conditions by the AOBs, in the first step. In 
the second step, the remaining ammonium and nitrite are converted to nitrogen gas and a small 
amount of nitrate by the anammox microbes (Graham and Jolis, 2017).  
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4 2 2 3
2 3 5 7 2 2 2 3
2 0.34 1.38 2.05 0.13
1.02 0.26 0.032 3.09 1.89
NH NO O HCO H
N NO C H NO H O H CO
+ − − +
−
+ + + + →
+ + + +
                                         (2.3) 
PNA process is commonly employed in sidestream wastewater treatment. In engineering 
systems, PNA can be found as a one-stage or two-stage application. One-stage application 
refers to processes that combined PNA in one reactor while the two-stage applications are 
maintaining the aerobic and anaerobic conditions in different and connected tanks.  
2.5 One-stage applications 
DEMON® sidestream process, an acronym of DEamMONification, is a sequencing batch 
reactor (SBR) process that combines an innovative principle – pH-controlled 
aeration/anaerobic conditions controlled by mini-cycles of feeding, aeration and mixed 
unaerated conditions which maintain the aerobic/anaerobic conditions. The aeration periods 
help at the oxidation of some of the ammonium to nitrite. Then, the pH has a small drop, which 
is used to interrupt the aeration, and the unaerated period of the mini-cycle starts. After that, 
the pH starts to increase again, and the cycles repeat. The range of these mini-cycles ranges 
from 6 to 12 hours. The cycle time depends on the amount of ammonium concentrations where 
higher amounts of ammonium require longer cycle duration. Finally, it ends with a low pH at 
the last mini-cycle to achieve low ammonium concentration at the effluent (Neethling and De 
Clippeleir, 2015). 
In addition to the two parameters mentioned above regarding the operation of the DEMON® 
process, there is one more crucial parameter, and the DO control. The DO should be kept at a 
low range, approximately 0.3 mg O2/L (Park et al., 2004; Nifong et al., 2013), although a study 
in 2008 at Alexandria Sanitation Authority Wastewater Treatment Facility (ASA-AWTF) 
showed that during AOB inhibition periods, the DO should be increased to 0.6 mg O2/L 
(O’Shaughnessy et al., 2008). Such control is important to avoid anammox inhibition, which 
results in nitrite accumulation and for controlling the nitrite-oxidizing bacteria (NOB) (Wett et 
al., 2007). Despite the traditional nitrification/denitrification method, which requires additional 
alkalinity, external carbon sources, and large amounts of energy, the DEMON® process uses 
AOB and anammox to remove ammonium from wastewater. Wett (2007) mentioned that in 
2005 at the Strass, Austria, Wastewater Treatment Plant (WWTP), the first plant that 
10 
 
 
implemented the DEMON® technology, average measurements showed that the removal 
efficiency of ammonium and nitrogen was up to 280 kg N/d and up to 225 kg N/d respectively. 
DEMON® technology showed that specific energy requirements were reduced for nitrogen 
conversion; however, long start-up periods and lack of operational reliability had been reported 
as major shortcomings of the technology (Wett, 2007). 
Another one-stage PNA technology is the ANITA™ Mox, which was developed by Veolia, 
and is based on Moving Bed Biofilm Reactor (MBBR) technology or Integrated Fixed-Film 
Activated Sludge (IFAS), depending on the requirements of the treatment plant. On the biofilm, 
at the MBBR process, the aerobic and anaerobic zones are created simultaneously to grow 
AOBs and anammox bacteria, respectively. The AOBs grow on the outside layer hence 
exposed to the bulk liquid ammonium and dissolved oxygen concentration, but the anammox 
grows in the inside layer close to the media. Initially, the AOBs convert the ammonium to 
nitrite, and then the anammox bacteria consume the nitrite and the remaining ammonium to 
release dinitrogen gas (Figure 2.2). On the other hand, the IFAS process separates the microbial 
population into aerobic and anaerobic zones where it grows the AOB on the suspended phase 
and the anammox bacteria on the biofilm (Veuillet et al., 2014) (Figure 2.3). An important 
parameter of the operation of the ANITA™ Mox process is the DO concentration, which 
influences the activity of AOBs and anammox bacteria, and so the effectiveness of 
deammonification (Veuillet et al., 2014). Ammonium-nitrogen removal rate the MBBR was 
up to 1.2 kg N/m3.d while during IFAS mode reached up to 3 kg N/m3.d. ANITA™ Mox 
process opened new attractive solutions for nitrogen removal applications due to the easy 
retrofit of the IFAS process into activated sludge systems with existing clarifiers. However, 
IFAS technology can be affected due to a shortage of reject water supply and foaming issues 
in the reactors and drop NH4-N removal rates (Veuillet et al., 2014). 
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Figure 2.2: Carrier media biofilm: AOB and 
anammox bacteria (MBBR) (adapted and edited 
from Capodaglio et al, 2016) 
Figure 2.3: Carrier media biofilm 
and suspended phase (IFAS) 
(adapted and edited from Zhao et 
al., 2013) 
 
2.6 Two-stage applications 
SHARON® application, firstly developed by a group of researchers from the Delft University 
in the Netherlands, is a two-stage process and was the first nitrite shunt process. Although 
SHARON® stands for Single reactor system for High Ammonia Removal Over Nitrite process, 
it can also be found as a dual reactor, a two-stage process: in the first reactor conversion of 
ammonia to nitrite shunt takes place under aerobic conditions, and at the second reactor, the 
NO2
- with the carbon source is converted to nitrogen gas (Hellinga et al., 1998). It can be 
characterized as a combination of a SHARON® and denitrification reactors, but later, it was 
converted to a two-stage partial nitritation anammox process without any carbon source 
requirements (Van Dongen et al., 2001). 
The SHARON® process is accepting the water after the anaerobic digestion, which means that 
the temperature is between 30-40 °C. High temperatures are valuable for the growth of AOBs 
while at the same time, high temperatures and high pH levels, convert ammonia into FA 
(Schultz, 2010). The last, in concentrations higher than 2.8 mg/L, can prevent the growth of 
NOBs (Anthonisen et al., 1976). In full-scale plants, there have detected temperatures higher 
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than the range mentioned before. In such a case, cooling or heating systems can be required 
(Mulder et al., 2006). The technology uses completely mixed reactors, which means that the 
Solids Retention Time (SRT) is equal to Hydraulic Retention Time (HRT). The absence of 
biomass retention gives the advantage of operating at a relatively lower SRT; as such, the NH4
+ 
is not oxidized to NO3
-, but the reaction stops to NO2
-, being more energy-efficient (van 
Kempen et al., 2001). Typical reported SRT is one day, although some researches have 
mentioned an optimal SRT of 1.5 days, which will lead to an NH4
+ effluent concentration of 
20 mg/L (Volcke et al., 2005; Mulder et al., 2006). 
2.7 Partial nitritation – anammox process challenges 
The operation of the anammox bacteria and AOBs for the process of partial nitritation 
anammox has been a challenge during the last years. NOB growth control, DO levels, and pH 
adjustment has been addressed as the main difficulties in establishing the process, especially 
during start-up periods (Li et al., 2017), especially due to anammox sensitivity in 
environmental changes (Appendix A). Many researchers have examined the process using 
different parameters to control the activity and the progress in different types of reactors. 
Although still, the optimal operating conditions for the partial nitritation/anammox are not 
clear, there is some evidence that can help guide future research. The PNA process takes 
advantage of the high temperature of the reject waters, and as it has been reported, the optimal 
temperature for anammox bacteria and AOBs is 30 °C (M. Tomaszewski et al., 2017). 
However, the process can be successful even in higher or lower temperatures. HRT (Hydraulic 
Retention Time) is the required for the influent load to spent inside the bioreactor, and it is 
calculated based on the below equation: 
V
HRT
Q
=                                                                                                                             ( 2.4) 
Where: 
V: Volume of the reactor (L) 
Q: influent load (L/d)  
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Optimal HRT for the PNA process varies as its significance is an aftereffect of the targeted 
loading and removal rates. Furthermore, SRT (Solids Retention Time) is a controlling 
parameter of bacterial concentration inside the bioreactors. For PNA, a long SRT can enhance 
the growth of unfavorable species of microorganisms, such as NOBs; however, it has been 
reported that in a membrane bioreactor, 12 days SRT can contribute to anammox enrichment 
(Van Der Star et al., 2008). 
Another important factor is the pH. Several researches have been focused on pH control of 
PNA process, addressing optimal pH between 7.0 - 8.0 (M. Tomaszewski et al., 2017, RC Jin 
et al., 2008) while alkalinity must be higher than 150 mg/L as CaCO3 in order to avoid substrate 
limitations as AOBs are also using alkalinity for nitrification.  
Oxidation-Reduction Potential (ORP) is a key factor as well, wherein periods of anaerobic 
conditions, it should be around -50mV while in aeration periods, it should not exceed 80 mV, 
with a decreasing trend (Lackner et al., 2012). During aeration periods, the Dissolved Oxygen 
(DO) should be kept around 0.5 mg/L, so AOBs will stay active as well as Anammox bacteria 
will not be inhibited (Klaus et al., 2017, O’Shaughnessy et al., 2008). 
Moreover, ammonium (NH4-N), nitrite (NO2-N), and nitrate (NO3-N) concentrations have a 
significant role during the PNA process. It has been reported that NH4-N and NO3-N 
concentrations up to 1000 mg/L were not inhibiting to anammox bacteria; however an unusual 
increase of the last can be an indicator of NOBs accumulation (Strous et al., 1999; Lackner et 
al., 2014). Nitrite has attracted the interest of researchers’ community as it has a wide range of 
concentrations that have been reported as inhibitory. Nevertheless, the most reported 
concentration of NO2-N as optimal is below 50-70 mg/L (Lackner et al., 2014; Xiong et al., 
2013; Straus et al., 1999). Furthermore, Free Ammonia (FA) and Free Nitrous Acid (FNA) 
have also been reported as inhibitory parameters, especially for anammox performance. 
Specifically, it has been reported that concentrations higher than 20-25 mg/L of FA and           
0.5 μg/L of FNA can reduce anammox activity by up to 30% and 80%, respectively. Thus, 
higher concentrations should be avoided to maintain the stable operation of PNA systems 
(Fernández et al., 2012). Finally, it has been reported that nitrogen removal in the PNA process 
can be enhanced if the sCOD is greater than 99.7 mg/L but not higher than 285-300 mg/L. 
Heterotrophic denitrifiers reduce nitrite to nitrogen gas by consuming organic matter, while 
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the anammox process requires nitrite as an electron acceptor. Considering also that denitrifiers 
have a higher growth yield (yield coefficient of heterotrophic denitrifiers; Y= 0.3 gVSS/gN) 
compared to anammox bacteria (Y= 0.066 ± 0.01 gVSS/gN) (Strous et al., 1999), if the sCOD is 
higher, the denitrifiers will outcompete anammox for nitrite, thus inhibiting anammox activity 
(Klaus et al., 2017, Chen et al., 2016, Molinuevo et al., 2009, Chamchoi et al., 2008, Waki et 
al., 2007,). 
Table 2.1: Optimal operating conditions for the PNA process 
Parameters Values Source 
Temperature 30-40⁰C van de Star et al., (2007); Guo et al., (2016); M. 
Tomaszewski et al. (2017) 
pH 7.0-8.0 RC Jin et al. (2008); M. Tomaszewski et al. 
(2017) 
Alkalinity >150 mg CaCO3/L Klaus et al. (2017) 
ORP  -50 mV - Max 80 mV Lackner et al. (2012) 
DO ~0.5 mg/L O’Shaughnessy et al. (2008); Klaus et al. (2017) 
NH4-N <1000 mg/L Strous et al. (1999); Lackner et al. (2014) 
NO2-N  <70mg/L Straus et al. (1999); Xiong et al. (2013); 
Lackner et al. (2014) 
NO3-N  -  Lackner et al. (2014) 
FA <25 mg/L Fernández et al. (2012) 
FNA <0.5 μg/L Fernández et al. (2012) 
sCOD <99.7mg/L 
>284.1-300mg/L 
Waki et al. (2007); Chamchoi et al. (2008);  
Molinuevo et Al (2009); Chen et al. (2016); 
Klaus et al. (2017) 
HRT variable  Rodriguez-Sanchez et al. (2014) 
SRT 12 days  Van Der Star et al. (2008) 
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2.8 Membranes used in Membrane Aerated Biofilm Reactors 
2.8.1 Membrane classification 
Three different types of hollow fibre membranes: microporous, nonporous, and composite 
have been used for the development of Membrane Aerated Biofilm Reactors (MABR). Each 
type of membrane has its physical properties and oxygen transfer pathways.  
Microporous hydrophobic membranes, made from materials such as polypropylene, have the 
advantage of high oxygen permeability through their pore systems as opposed to diffusion 
(Ahmed & Semmens, 1992; Côté et al., 1989). Pore size is important as the specific mechanism 
of oxygen transfer depends on them. At large pore sizes of 0.1-10 μm (Figure 2.4a), gas can 
pass freely through membrane pores in a process known as convective flow (Basile & Gallucci, 
2009). A small pore size, under 0.1μm (Figure 2.4b), the mean free path of a gas particle is 
comparable to the scale diameter of the pore. The last cause the gas particles to impact with 
the pore walls, leading to a type of movement known as Knudsen flow. For MABR’s, the 
membranes are used, so oxygen would be delivered through the microporous of the membranes 
where tiny bubbles will be produced at the gas-liquid interface of each pore. These tiny bubbles 
are held by surface tension until the buoyancy force will cause the detachment. Microporous 
membranes have the main drawback, which is the operational pressure conditions that must be 
kept low (<3 psi) to reduce bubble formation. Consequently, their effectiveness of oxygen 
transfer is getting limited (Fang et al., 2004). Additionally, biofilm growth on the hollow 
membrane may affect the reactors’ performance. Excess biofilm may clog the pores of the 
fibres, negatively affecting the treatment and making the process difficult to continue (Reij et 
al., 1998). 
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Figure 2.4: Types of hollow fibre membranes in MABR's (adapted from Basile & 
Galucci, 2009) 
Nonporous membranes (Figure 2.4c), which are made from dense materials such as silicon, 
can be operated at high gas – oxygen - pressure without bubble formation and oxygen diffuses 
across the membrane into the water. As a result of the ability to be operated under high 
pressure, the concentration gradient is increased, a parameter that controls the mass transfer 
rate (Ahmed & Semmens, 1992; Côté et al., 1989). A disadvantage for nonporous membranes 
is that they have been much thicker than microporous membranes, >400 μm, posing greater 
resistance to mass transfer and being more expensive (Ahmed & Semmens, 1992). However, 
membrane manufacturing has developed much thinner nonporous membranes, <100μm, 
lowering their resistance. A 50 μm thick hollow fibre (polymethylpentene) membrane was used 
to test the membrane’s resistance to oxygen mass transfer, showing only 38% of total mass 
transfer resistance (Diao et al.,2008). 
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Composite membranes (Figure 2.4d) consist of both microporous and nonporous membranes. 
More specifically, composite membranes are a combination of porous membranes surrounded 
by a nonporous gas-permeable membrane. The porous part of the membrane gives oxygen 
permeability to the composite membrane, while the nonporous coat gives the ability to operate 
at high pressures without forming bubbles. Ahmed et al. (2004) used a microporous 
polyethylene hollow fibre composite membranes in laboratory-scale experiment operating 
successfully under high pressure, up to 60 psi, without any bubble formation. Their 
experiments showed that the dense polyurethane layer between the two polyethylene layers 
contributed to 53-82% of the total oxygen mass transfer resistance.  
A completely nonporous hollow fibre membrane is the ZeeLung™ cords, which are designed 
combining the membrane size and strength advantages. The individual fibres are available with 
a significantly small outer diameter, 50-70 μm, important for the specific surface area for the 
biofilm formation, and a wall thickness of 5-20 μm, helping to minimize membrane resistance 
(Stricker et al., 2011). This patented cord membrane provides both strength and durability 
needed for industrial applications. ZeeLung™ is a promising nonporous membrane technology 
for MABR applications.  
2.9 Gas transfer and module design 
2.9.1 Gas transfer in MABR’s 
The gas concentration gradient across the membrane wall consists of the driving force for gas 
to transfer in MABR. The equation to describe the gas flux through an MABR membrane is a 
combination of Fick’s 1st Law of diffusion and Henry’s Law. Fick’s law relates the diffuse 
flux to the concentration gradient, and Henry’s law states that the amount of dissolved oxygen 
in the liquid is related to its partial pressure in the gas phase.  
'
MG M MB
p
J HS K C
H
 
= − 
 
                                                                                                    (2.5) 
'
MG M
M
P
S K
t
=                                                                                                                         (2.6)    
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Where: 
J = Gas flux (M L-2 T-1) 
H = Henry’s Law constant (L-2 T-2) 
'
MGS = Gas/Membrane partition coefficient (L
-2 T-2) 
MK = Mass transfer coefficient of the membrane (L T
-1) 
MBC = Dissolved gas concentration (M L
-3) 
p = Partial pressure in the gas phase (M L-1 T-2) 
Mt = Membrane thickness (L) 
The presence of a biofilm layer on the surface of the membrane plays an important role in 
determining the gas flux, not only because of the physical resistance that occurs but also 
because of the gas-consuming microbial communities. As a result, the dissolved gas 
concentration ( MBC ) value at the membrane surface is reduced compared to clean membranes 
(Martin & Nerenberg, 2012). 
Liquid diffusion layer (LDL), which resides at the end of the biofilm and separates it from the 
bulk liquid, is responsible for the resistance to gas transfer to the bulk liquid. Gas transfer from 
the biofilm to the bulk can be determined by using the mass transfer coefficient of the LDL 
and the concentration gradient from the biofilm to the bulk liquid (Martin & Nerenberg, 2012).  
( )LDL LB LJ K C C= −                                                                                                            (2.7) 
LDL
LDL
D
K
t
=                                                                                                                           (2.8) 
Where: 
J = Gas flux (M L-2 T-1) 
 
LDLK = LDL mass transfer coefficient (L T
-1) 
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LBC = Bulk liquid interface gas concentration (M L
-3) 
LC = bulk liquid gas concentration (M L
-3) 
D = Diffusivity to the dissolved gas in water (L2 T-1) 
LDLt = Thickness of the LDL (L)  
In conventional co-diffusional biofilms, both electron donor and acceptor are greatest at the 
outer edge of the biofilm. Therefore, the substrates must go through the LDL before penetrating 
the biofilm to reach the interior (Figure 2.5a), resulting in low oxygen utilization efficiencies. 
In MABR’s, however, gas does not traverse from bulk liquid to the biofilm. More specifically, 
oxygen is diffused directly into the biofilm from the hollow fibre membranes, while the 
substrates (NH4
+) are provided by the liquid bulk (Figure 2.5b). Consequently, LDL helps 
oxygen to remain within the biofilm while anaerobic or anoxic conditions can maintain at the 
liquid bulk (Martin & Nerenberg, 2012).  
 
 
Figure 2.5: Gas and substrate diffusion in conventional biofilm and MABR’s (adapted 
from Martin & Nerenberg, 2012) 
2.9.2 MABR’s module design 
Fibres for MABR’s can be operated in two different modes. The one is called dead-end and 
the other flow-through configuration. At the dead-end mode, the end of the membranes is 
sealed closed, supplying all the gas into the biofilm while flow-through mode has open ends, 
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and the gas is continuously emitted. Dead-ends are preferred when expensive gases are used 
however, they may allow back-diffusion of the gases, which may reduce the efficiency of the 
membrane. A study done by Côté et al. (1989) found that the “local average mass transfer 
coefficient dropped by 45% on average in dead-end mode” because oxygen had to diffuse 
through the water vapor within fibers while in flow-through mode, water vapor was readily 
evacuated from the fibres. On the other hand, operating flow-through mode avoids the above 
drawback of the dead-end mode, but greater consumption of gases and energy is required as 
well as significant loss of pressure (Martin & Nerenberg, 2012).  
2.10 Start-up of sidestream partial nitritation anammox process 
in MABR 
Several studies have been conducted examining the period and the operational conditions for 
the start-up of anammox and the PNA process for sidestream wastewater in different 
bioreactors (Klaus et al., 2017; Yin et al.2018). However, there are only two studies cited the 
PNA process in MABR (Gong et al., 2007; Li et al., 2016), and only one research published 
results of the start-up of the PNA process in MABR (August et al., 2018). Despite this, none 
of these were using wastewater with sidestream characteristics as an influent source. Gong et 
al. (2007) and Li et al. (2016) inoculated lab-scale MABRs with mature anammox bacteria 
from already established anammox process bioreactors. The first study was conducted for 
approximately 120 days and was equipped with a 4 L MABR, consist of four microporous 
carbon tubes, covered with one layer non-woven porous polyester fabrics to enhance bacteria 
immobilization and prevent biofilm sloughing. A thermostatic jacket supported the system, 
maintaining the temperature at 35 ⁰C, HRT was set at 6 hours, pH was controlled at 7.9 by 
NaHCO3 addition, and DO was kept around 0.5 mg/L. The system was supplied with synthetic 
wastewater containing NH4-N concentration of 200 mg/L, achieving an average of 80% total 
nitrogen (TN) removal. In the second research, a 2.5 L upflow MABR was equipped with a 
nonporous silicone membrane with a length of 8 m and a membrane area per volume of a 
reactor of 25 m2/m3, supplied with pure oxygen. The effluent was recirculated at 100 mL/min 
for mixing purposes, and pH was maintained between 7 to 7.5 by automatically adding 0.2 M 
NaOH solution, DO concentration was around 0.6 mg/L, and the temperature was controlled 
to 25 ⁰C by a water jacket. The study was conducted in three phases, for a total of 370 days 
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and microbiological analysis proved anammox bacteria existence. Specifically, anammox was 
the dominant bacteria in the granules, showing that under appropriate oxygen supply and 
operating conditions, AOB and anammox can coexist in an MABR. The analysis showed that 
a nitrogen loading rate of 104.8 g N/m3.d, resulted in an average TN removal efficiency of 81% 
without nitrite accumulation. 
Furthermore, in 2018, Augusto et al. examined the start-up of the PNA process in a lab-scale 
MABR. The bioreactor had a volume of 2.7 L and was equipped with a silicone tube with a 4 
cm2/cm3 specific surface area, which was connected with an air compressor to supply air to the 
system continuously. The temperature was controlled at 31 ⁰C, DO was kept below 0.53 mg/L, 
while HRT was constant at 24 hours. The system was seeded with activated sludge and was 
operated for 216 days. The process of the inoculation started by immersing the membrane 
module into the activated sludge for six days under continuous aeration. Continuously, the 
system was supplied with synthetic wastewater of up to 100 mg/L NH4-N concentration, and 
anammox activity was observed after 48 days, reporting average TN removal of 78% and 
average NO3−Nproduced: NH4-Nconsumed ratio of 0.34 ± 0.06. However, information regarding the 
impact of operating conditions, such as aeration mode and pH control, during the start-up 
period of the PNA process in MABR, is not available. Therefore, one of the objectives of this 
thesis is to study the impact of operating conditions on the start-up of the PNA process in 
MABR systems.  
2.11 Research gaps 
As discussed above, studies addressing the impact of operating conditions for PNA start-up in 
MABR, the potential of simultaneous enhancement, and establishment of AOB and anammox 
for sidestream wastewater treatment in MABR systems are needed. Although the concept of 
using AOB and anammox bacteria for nitrogen removal has raised researchers’ attention, 
almost no studies have focused on examining the potential of starting-up this process in 
MABR, by addressing the factors affecting the growth and performance of the used bacteria. 
Besides, the start-up period and whether to grow aerobic bacteria first and introduce anaerobic 
bacteria after is still unknown. Therefore, these research gaps will be addressed in this thesis.   
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Chapter 3 
3 Sidestream Anammox process start-up in Membrane Aerated 
Biofilm Reactors: Lessons learned 
3.1 Introduction 
Water is critical to maintaining the life of all living organisms on Earth. Water plays an 
important role in human life and activities, such as agricultural production, as well as for living 
organisms in water environments, where wastewaters are disposed. Practically, untreated 
wastewaters contain large amounts of toxic and organic substances, as well as hazardous 
microorganisms. In recent years, biological processes have gained great attention from 
researchers worldwide, for wastewater treatment. A variety of bioprocesses have been applied 
for wastewater treatment, for example, the conventional activated sludge process and the 
innovative membrane biofilm reactor (Tchobanoglous G. et al., 2003).  
Membrane aerated biofilm reactor (MABR) technology is an innovative technology that was 
recently introduced for nitrogen removal from wastewaters. It consists of a nonporous 
airsupplying membrane that naturally grows biofilm on its surface. In MABRs, the air is 
supplied from the top of the module, where oxygen diffuses through the membrane and reaches 
the attached biofilm (Casey et al., 1999; Satoh et al., 2003). MABRs are counter-diffusion 
biofilm processes where the membrane supplies oxygen (electron acceptor) to the attached 
biofilm and the bulk liquid while the electron donor is transferred from the bulk liquid to the 
biofilm. In conventional biofilm technologies, biofilm thickness resists oxygen penetration in 
the biofilm. As a result, the removal of pollutants is limited due to oxygen limitation, especially 
at higher wastewater loading rates. Besides an increase in biofilm thickness, the risk of biofilm 
detachment and biomass washout increases, thus impacting the process performance (Casey et 
al., 1999). MABRs, on the other hand, are bubble less, allowing efficient oxygen transfer and 
have a large surface area for biofilm growth. Increased biomass inventory and energy 
efficiency are both attractive features for sidestream wastewater treatment.   
In 1990, van de Graaf et al. discovered a new species of anaerobic ammonium oxidizing 
bacteria in a denitrifying fluidized bed reactor. These bacteria were named anammox and 
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gained great interest in the upcoming years, as they were opening a new era in biological 
nitrogen removal processes. The Partial Nitritation/Anammox (PNA) process was developed, 
where aerobic oxidizing bacteria (AOB) were converting the available ammonium into nitrite 
and anammox was consuming the produced nitrite, and the remained ammonium, to produce 
nitrogen gas, according to the following reaction:  
4 2 2 3
2 3 5 7 2 2 2 3
2 0.34 1.38 2.05 0.13
1.02 0.26 0.032 3.09 1.89
NH NO O HCO H
N NO C H NO H O H CO
+ − − +
−
+ + + + →
+ + + +
                                          (3.1) 
Several challenges, however, had to be overcome as anammox bacteria are characterized as 
sensitive to changes in their environment (Xie et al., 2017) and have a relatively slow growth 
rate with doubling time around 12 days (Strous et al., 1998). Several factors, including free 
Ammonia (FA), was reported as inhibitory for anammox activity. June et al. (2007) reported 
FA levels as low as 2 mg/L NH3-N as inhibitory, whereas recent studies reported that the FA 
inhibitory concentration ranged from 13-15 mg/L NH3-N (Tang et al. 2009; Fernández et al., 
2012). The first full-scale anammox reactor in the world was started in Rotterdam, and the 
start-up took almost two years (Van de Star et al., 2007), indicating the difficulties of enhancing 
and maintaining the anammox process. Several types of research have been done regarding the 
start-up phase of the anammox process, and the partial nitritation anammox process (Table 
3.1). In 2010, Jeanningros et al. seeded a pilot SBR at a WWTP site with primary and secondary 
sludge and operated it under aerated and anoxic periods, keeping DO levels below 0.8 mg 
O2/L. During the first period of the research, AOBs were the dominant bacteria. Anammox 
activity was observed on day 115 of the operation achieving total nitrogen removal up to 90% 
during the 15 months of the study. Furthermore, Dosta et al. (2015) started up a two-stage PNA 
using granular anammox biomass as inoculum. The study reported anammox activity in the 
anoxic reactor after approximately 28 days. The process, however, was unstable, and a 
successful PNA start-up was established after 110 days of operation that showed 91.9% NH4-
N removal. In a recent study, Kowalski et al. (2019) seeded an MBBR with activated sludge 
and, by continuous aeration, a successful partial nitritation start-up was completed after 14 
days. Subsequently, an anammox biomass was introduced to the reactor; however, the PNA 
process was established after 175 days of operation, achieving 81% total nitrogen removal. 
Additionally, Qiu et al. (2019) seeded an intermittent aerated SBR bioreactor with activated 
sludge aiming at the start-up of the partial nitration anammox process. The authors operated 
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the SBR for 205 days, under continuous aeration to develop partial nitritation. Then, the 
aeration mode was changed to intermittent aeration, and anammox existence was confirmed in 
day 247. In this study, the Bioreactor was supplied with 300 to 600 mg/L influent NH4-N 
concentration and the TN removal was 81.5%. To date, only one study has been published that 
cited the anammox process start-up in MABR. Augusto et al. (2018), evaluated the anammox 
enrichment and partial nitritation – anammox process start-up period in a lab-scale MABR, 
using conventional activated sludge. In this study, it was reported that the PNA process was 
observed in the system after 48 days of operation and was stabilized after 80 days, with an 
average TN removal of 78%. The inoculation procedure was carried out by immersing the 
membrane module in the activated sludge for six days under continuous aeration mode, while 
sludge was also added directly to the MABR to initiate the process start-up. Although several 
studies on start-up of partial nitration have been published in different bioreactors, only one 
research examined the case of PNA start-up in MABR. It is considering that MABRs are 
innovative energy-efficient emerging technologies with rather unique air supplying media for 
biofilm growth, the aeration impact on anammox media warrants further investigation. More 
specifically, key startup strategies regarding whether to startup the anammox process or the 
nitritation process needs or the opposite requires further investigation.  This study examined 
the case of enhancing anammox bacteria growth on the surface of the microporous air diffusing 
membrane media, as the first step of the PNA start-up. Therefore, the primary objective is to 
identify the anammox process startup in MABRs’ for removing nitrogen from sidestream 
wastewater and explore the impact of the operating parameters, which affect the process 
development for future applications.  
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Table 3.1: PNA start-up studies for sidestream wastewater 
Inoculum 
Reactor 
type 
PNA start-
up method 
Start-up 
period 
(days) 
NH4-
NInf  
(mg/L) 
TN 
removal% Reference 
Primary 
sludge 
SBR Aeration on 115 445 90% 
Jeanningros 
et al. (2010) 
Granular 
anammox 
biomass 
2-stage 
SBR 
Anoxic 
reactor 
110 200-500 77% 
Dosta et al. 
(2015) 
Activated 
sludge & 
Anammox 
biomass 
MBBR Aeration on 175 250-400 81% 
Kowalski et 
al. (2019) 
Activated 
sludge 
SBR Aeration on 247 300-600 81.5% 
Qiu et al. 
(2019) 
Activated 
sludge 
MABR Aeration on 50-100 80 78% 
Augusto et 
a. (2018) 
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3.2 Materials and methods 
3.2.1 Start-up phases 
The anammox startup was conducted using three complete mix reactors (CM2, CM3, and 
CM4) and two MABRs (R1 and R2). The anammox startup in MABRs was conducted in three 
phases for 139 days. All the bioreactors were supplied with synthetic wastewater created in the 
lab. Ammonium-N and nitrite-N were supplied in a 1:1 ratio to prevent anammox bacteria from 
being exposed in high nitrite concentrations. Additionally, the Hydraulic Retention Time 
(HRT) (2), which is the time of contact between the influent wastewater and the bioreactor, 
was also a controlled parameter during the phases for anammox performance.  
During the first start-up phase, which lasted 46 days, the average NH4-N and NO2-N influent 
concentration was approximately 700 mg/L, and the HRT varied between 6.5 to 100 days 
resulting in the nitrogen loading rate (NLR) to vary between 0.11-1.54 g /m2.d. The HRT was 
adjusted based on the observed removal rates. In phase-2 of the anammox start-up process, 
which was operated for 37 days, the HRT was a constant parameter, 24.2 days, while the 
influent ammonium and nitrite concentrations varied from 17.7 mg/L to 754 mg/L. The NLR 
was varying between 0.01 to 0.45 g /m2.d. Finally, during the 54 days of phase 3, both the HRT 
and the influent concentrations varied based on bioreactor's performance. Specifically, the 
HRT was between 2.5 to 33.3 days, while NLR was from 0.10 to 0.66 g /m2.d. The purpose of 
controlling different parameters in every phase was to avoid anammox inhibition in response 
to a higher free ammonia concentration and nitrite accumulation. In the first and second phase, 
the total nitrogen (TN) loading rate was relatively constant, averaging 45 mg TN/d, while in 
the third start-up trial varied from 30 to 60 mg TN/d to maintain effluent nitrite concentration 
less than 70 mg/L, which has been described as inhibiting concentration for anammox bacteria 
(Wett B., 2007; Fux C., 2003; Strous M., 1999). Immersing the membrane module in the 
anammox sludge for almost a week is a strategy that has been followed right before the start-
up.   
V
HRT
Q
=                                                                                                                             (3.2) 
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Where: 
HRT: Hydraulic Retention Time (days) 
V: Volume of the reactor (L) 
Q: Flow (L/d) 
in
1000
inC QNLR
SA

=
                                                                                                                  (3.3) 
Where: 
NLR: Nitrogen Loading Rate (NH4-Ninf + NO2-Ninf) 
Cin: Influent nitrogen concentration (mg/L) 
Qin: Flow (L/d) 
SA: Membrane module surface area 
3.2.2 Lab-scale MABRs setup and operation 
The MABRs have 2 L working volume with an automatic control capability using factory view 
software (Factory Talk®View software (Site Edition, CPR 9 SR 6). The reactors house a junior 
ZeeLung membrane module that is 1 m long and consist of 40 fibers/module, providing a total 
of 0.1382 m2 surface area. Both bioreactors were equipped with a feed pump (Stenner 
Peristaltic Pump 170DM5), process air flowmeters (Cole-Parmer 65-mm Correlated 
Flowmeter), mixing gas flow meters (Cole-Parmer 65-mm Correlated Flowmeter), and a heater 
(Julabo V Heating Circulator ) to keep the temperature around 35°C (Figure 3.1). The mixing 
was performed at the bottom of each reactor using pure nitrogen gas (99.99%) during phases- 
1,-2, and -3. The effluent of both reactors was collected in two separate closed buckets, and 
washed out biomass was returned daily. The temperature of the MABR reactor was maintained 
at 35 °C (±1) by recirculating heated water through a tube that wrapped the reactors. The 
MABR rectors, herein referred to as R1 and R2, were operated for 139 days under similar 
conditions (Table 3.2). As the primary objective was to grow the anammox bacteria on the 
membrane that also served as media, the membrane process air was turned off to maintain 
anoxic condition while inert nitrogen was used for mixing purposes as well as to maintain 
anaerobic conditions inside the reactors. Both R1 and R2 were seeded with 1 L of anammox 
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sludge from a DEMON reactor (source 1) on phase 1. During phase-2, an additional 0.45 L of 
the same seed sludge that was stored (4⁰C) was added to the bioreactors. During the phase-3 
of the study, the bioreactors were emptied, and each MABR was seeded with 1.5 L of anammox 
biomass from a DEMON operating plant (source 2).  
Table 3.2: Operating parameters of bioreactors R1 and R2 
Parameter Unit Phase 1 Phase 2 Phase 3 
Duration days 0-46 47-84 85-139 
HRT days 6.5-100 24.2 2.5-33.3 
Aeration mode - No aeration No aeration No aeration 
Mixing gas type - N2 
(99.99%) 
N2 
(99.99%) 
N2 
(99.99%) 
Mixing flowrate mL/min 277 277 277 
Temperature o C 35 35 35 
pH pH units 7.5 (±0.3) 8.0 (±0.1) 7.9 (±0.1) 
NH4-Nin mg/L 350 140 90 
NO2-Nin mg/L 330 145 100 
NLR g /m2.d 0.11-1.54 0.10-0.45 0.10-0.66 
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Figure 3.1: Pilot-scale MABRs (R1 on the left, R2 on the right) 
 
3.2.3 Shaker incubator setup and operation 
In parallel to the MABRs, the startup of an anammox process was conducted using a shaker 
incubator (Barnstead MaxQ 4000) set up to simulate complete mix reactors. Three one liter 
Erlenmeyer flasks (CM2, CM3, and CM4) were used as anammox complete mix bioreactors 
to support anammox activity and growth, in the shaker incubator (Figure 3.2). All three flasks 
were seeded with 1 L of the anammox sludge (source 2)  and transferred to a shaker incubator 
operating at 35 ⁰C and 155 rpm mixing speed. The complete mix experiment was initiated in 
parallel to phase 3 of the MABR study. Microorganisms were supplied ammonium nitrogen 
and nitrite nitrogen in the form of NH4Cl and NaNO2, respectively as well as trace elements 
(section 3.2.4). The feed concentration was increased, by approximately 10% on nitrogen 
concentration, once the reactors removed more than 90% of ammonium and nitrite 
concentrations. NO2-N levels were checked daily to avoid any inhibition due to nitrite 
accumulation, and ammonium and nitrite concentrations were provided accordingly to 
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maintain the target concentration within the reactor. 100 ml of samples were collected twice 
per week to monitor ammonium-N, nitrite-N, nitrate-N, pH, DO and sCOD levels. The reactors 
were flushed with nitrogen gas to maintain anaerobic conditions necessary for anammox 
survival and activity. CM2 and CM4 reactors were operated for 110 days, while CM3 was 
operated for a longer 242 days.  
 
Figure 3.2: Bioreactors CM2, CM3, and CM4 in the shaker incubator 
 
3.2.4 Synthetic wastewater  
Synthetic wastewater with the sidestream’ s characteristics, in terms of nitrogen compounds 
concentrations, was created in the lab. Van de Graaf et al. (1996) synthetic wastewater recipe 
described below was adopted for this study. The mineral medium contained (per L of 
demineralized/distilled water): NH4Cl and NaNO2, variable (8.8 – 390 mg/L NH4-N and NO2-
N ); KHCO3, 500 mg; KH2PO4, 27.2 mg; MgSO4.7H2O, 300 mg; CaCl2.2H2O, 180 mg and 1 
ml trace elements solution 1 and 2. Trace elements solution 1 contained (per L of demineralized 
water): EDTA, 5 g; FeSO4, 5g; and trace elements solution 2 contained (per L of demineralized 
water): EDTA, 15 g; ZnSO4.7H2O, 0.43 g; CoCl2.6H2O, 0.24 g; MnCl2.4H2O, 0.99 g; 
CuSO4.5H2O, 0.25 g; NaMoO4.2H2O, 0.22 g; NiCl2.6H2O, 0.19 g; NaSeO4.10H2O, 0.21 g; 
H3BO4, 0.014 g.  
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3.2.5 Sampling and analysis  
Influent and effluent samples were collected twice per week from the MABRs and daily from 
the complete mix reactors. The collected samples were centrifuged (Clinical 200 centrifuge) at 
4500 rpm for 10 minutes and the liquid portion was then filtered using 0.45μm syringe filters 
(VWR® 28145-503). The filtered samples were analyzed for ammonia-nitrogen, nitrite, and 
nitrate-nitrogen as per the HACH methods 10031 (Salicylate method), 8153 (Ferrous sulfate 
method) and 10020 (Chromotropic acid method), respectively (Appendix B). A 
spectrophotometer (Hach Company, DR 6000) was used to determine the ammonium-N, nitrite 
and nitrate-N concentrations. Soluble chemical oxygen demand (sCOD) was also measured 
using COD digestion reagent vials (method 8000), and total suspended solids (TSS) and 
volatile suspended solids (VSS) were determined using standard methods (APHA et al., 2017). 
The pH was measured using Thermo Scientific Orion VersaStar Pro Advanced 
Electrochemistry Meter, with Orion 8107UWMMD Ross Ultra pH/ATC Triode probe. 
Dissolved Oxygen (DO) and temperature were measured using Thermo Scientific 
STARA2230 Star A223 DO Portable Meter, and Free Ammonia (FA) was calculated based on 
the below equations, presented by Emerson et al. (1975).  
0.09018 2,727.92
apK
T
+
=                                                                                                   (3.4) 
Where apK is the ionization constant of the ammonium ion and T is the temperature in Kelvin. 
To calculate the FA fraction ( 3fNH ), we used the below equation: 
3 ( )
1
10 1a
pK pH
fNH
−
=
+
                                                                                                           (3.5) 
The final NH3 concentration was calculated by multiplying the measured NH4-N concentration 
by the FA fraction. 
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3.3 Results and discussion  
3.3.1 Seed characteristics and activity tests 
The two MABRs, R1 and R2, were seeded with a DEMON plant (source 1) sludge during 
phases 1 and 2, and a DEMON plant (source 2) sludge during phase 3.  The seed sludge from 
source 1 had a VSS:TSS ratio of 0.58, relatively lower than this of the source 2, which was 
0.97, and the characteristics are represented in Table 3.3. The seed sludge from source 2 was 
in the form of granules and had a reddish color (Figure 3.3).  
 
Table 3.3: Seed biomass characteristics 
 Source 1 Source 2 
Parameters Units Values 
NH4-N mg/L 57.35 77 
NO2-N mg/L 0.61 1.8 
NO3-N mg/L 3.6 - 
pH pH unit - 7.5 
TSS mg/L 7083.3 2090 
VSS mg/L 4116.7 2030 
VSS: TSS - 0.58 0.97 
 
 
Figure 3.3: Anammox bacteria in granules (source 2) 
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Activity tests were performed to evaluate the anammox biomass activity from source 2. The 
activity was tested using duplicate samples under anaerobic conditions. The duplicate reactors 
were supplied with 40 mg/L ammonium-nitrogen and 50 mg/L nitrite-nitrogen, and samples 
were collected every 30 minutes and analyzed for NH4-N, NO2-N and pH.  
The anammox sludge exhibited relatively good ammonium-N and nitrite-N removal activity. 
During the batch test, a 26 mg NH4-N/L  and 36.5 mg NO2-N/L were removed over the two 
hours' time. The corresponding specific N removal rate was  0.16 g N/g VSS.d (VSS = 2.8 
g/L). The observed specific rates were in line with the median values of 0.20 g N/g VSS.d 
obtained for a variety of anammox sludges of diverse origins, as reported by Van Hulle et al. 
(2010). 
 
 
Figure 3.4: Ammonium-N and nitrite-N consumption overtime during batch testing 
experiments for the DEMON sludge (source 2) 
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3.3.2  Relative species abundance  
Samples from the seed sludge used for seeding phases-1 and -2 were sent to an external DNA 
lab for analysis and microbes’ identification. Two samples (S1 and S2) were tested with total 
anammox bacteria concentration being 4.82% and 5.47%, respectively, with Candidatus 
brocadia being the dominant species. Aerobic oxidizing bacteria (AOB) had a population of 
2.66% and 2.01% in S1 and S2, respectively, with nitrite-oxidizing bacteria (NOB) being in 
very low concentration, 0.11% in S1 and 0.08% in S2. Denitrifiers, however, were the 
dominant bacteria in both samples, with 14.52% in S1 and 15.77% in S2. Table 3.4 shows the 
species with the highest concentrations in the analyzed sludge samples.  
 
Table 3.4: Bacterial species in anammox sludge samples 
Species S1 (%) S2 (%) 
Anammox   
Candidatus brocadia  4.73 5.36 
Candidatus kuenenia stuttgartiensis 0.00 0.003 
Candidatus brocadia anammoxidans 0.006 0.003 
Candidatus anammoximicrobium moscowii 0.058 0.082 
Candidatus brocadia sinica 0.004 0.000 
Candidatus brocadia caroliniensis 0.009 0.003 
Uncultured candidatus kuenenia sp. 0.014 0.016 
AOB   
Nitrosomonas europaea 1.59 0.91 
Denitrifiers    
Burkholderia spp. 3.93 4.62 
Methyloversatilis spp. 3.65 3.94 
Sulphur removing   
Geobacter spp. 3.52 3.93 
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3.3.3 Start-up of PNA process for sidestream wastewater treatment in 
MABR: three trials 
Bioreactors R1 and R2 were seeded with sludge from the source 1 WWTP and were operated 
for approximately 45 and 35 days during start-up phases 1 and 2, respectively, under anoxic 
conditions. The third start-up phase lasted 55 days, and during this period, the bioreactors were 
seeded with sludge from the source 2 WWTP, DEMON reactor, and were operated under 
anoxic conditions as well. The initial purpose was to enhance anammox activity and eventually 
turn on the aeration mode for the membrane module to endorse AOB growth and activity. 
3.3.3.1 Start-up: Phase 1 
During phase 1, R1 and R2 MABRs were seeded with the sludge from the source 1 WWTP 
and were operated for approximately 45 days. For the first anammox process start-up, influent 
ammonium-N and nitrite-N concentration were kept constant to develop an anammox reaction 
in MABRs’ for sidestream wastewater. Based on the bioreactors’ performance, HRT (the feed 
flow rate) was controlled to avoid any overload that can cause nutrients accumulation and 
inhibit the anammox process. The mineral medium, which was described previously, was 
supplying ammonium (NH4-N) and nitrite (NO2-N) at a ratio of 1:1, and the effluent 
concentrations were expected to be lower than those in the influent. However, right from the 
beginning, the ammonia and nitrite started to accumulate in both reactors (Figure 3.5b). In the 
beginning, this was not obvious as there was some dilution effect. However, the accumulation 
was calculated based on the influent ammonium-N and nitrite-N concentrations (equation 3.4). 
After a while, the reactors showed higher effluent ammonium and nitrite values indicating that 
the system did not achieve any biological reaction. The higher effluent values confirmed that 
the nutrients were rather accumulating inside the bioreactors 
( ( ) 100) ( (1 ( )))in in sampling R eff in sampling RAccumulation C Q d V C Q d V=     +  −               ( 3.6) 
 Where: 
Cin: Influent concentration (mg/L) 
Qin: Loading rate (L/d) 
dsampling: Days between sampling (d) 
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VR: Volume of the bioreactor (L) 
Ceff: Effluent concentration (mg/L) 
 The average ammonium accumulation was approximately 75 mg/L for both R1 and R2, while 
nitrite accumulation was approximately 60 mg/L and 45 mg/L for R1 and R2, respectively. 
After 7 days of operation, the bioreactors’ HRT was increased from 26.7 to 100 days (by 
reducing the flow rate from 0.075 to 0.02 LPD). This was applied to minimize overloading; 
however, the changes did not influence NH4-N removal and NO2-N removal (Figure 3.5b,c). 
Anammox bacteria were unable to remove ammonium and nitrite, resulting in further 
accumulation. Furthermore, pH fluctuations were intense throughout the first start-up phase in 
both bioreactors. The average pH value for R1 was 7.5, which is the optimal value (Strous et 
al., 1997), and 7.9 for R2. However, 8.5 and 7.9 were the maximum pH values for R1 and R2, 
respectively, and considering the high temperature the bioreactors were running at, free 
ammonia levels climbed up to 2.8 mg/L and 5.6 mg/L for R1 and R2, respectively. FA can be 
inhibitory for anammox bacteria if its concentration is higher than 2 mg/L (Jung et al., 2007), 
and this may be one more reason why anammox process was not successful during the first 
start-up trial.  
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a. 
 
b. 
 
c. 
 
d. 
 
Figure 3.5: Phase 1: Loading rates (a); Ammonium accumulation (b); Nitrite 
accumulation (c); pH versus FA (d) 
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3.3.3.2 Start-up: Phase 2 
The second phase of the start-up was initiated by the addition of 0.45 L of anammox sludge in 
both reactors. The seed was the same as the one initially used, from the source 1 WWTP.  
Ammonium and nitrite concentrations varied based on the performance of the bioreactor, while 
the HRT was the constant parameter. Specifically, during the second start-up phase, in day 3 
of phase 2, the HRT was decreased from 100 days to 24.2 days by adjusting the influent loading 
rate from 0.02 to 0.0828 LPD and remained constant. However, the same trend was observed 
during the second start-up trial, with ammonium and nitrite being accumulated in both reactors. 
Although pH control was also applied during this phase, the control was manual. HCl was 
added manually twice per day, daily to adjust pH to 7.5. However, anammox bacteria did not 
react positively to these changes, as most of the pH control was applied after the onset of 
inhibition. Ammonium’s average accumulation was 11.5 mg/L and 8.3 mg/L, and for nitrite, 
it was 12.7 mg/L and 13 mg/L, for R1 and R2, respectively (Figure 3.6). Despite the manual 
pH control, the average pH value was 8.1 for both R1 and R2, with 8.8 and 8.4 being the 
maximum values for R1 and R2, respectively. FA concentrations were high in phase 2, as well, 
with the maximum FA concentration for R1 being 17.1 mg/L and for R2, 11.3 mg/L, which is 
5-8 times above the inhibitory limit. Both bioreactors averaged approximately 4.7 mg/L, and 
bacteria were exposed to such concentrations for almost 40 days.  
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a. 
 
b. 
 
c. 
 
d. 
 
Figure 3.6: Phase 2: Loading rates (a); Ammonium accumulation(b); Nitrite 
accumulation (c); pH versus FA (d) 
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3.3.3.3 Start-up: Phase 3 
The third start-up phase of the anammox process was attempted by seeding both bioreactors 
with 1.5 L of anammox biomass (source 2). During this period, influent nutrients 
concentrations and HRT (influent loading rate) varied based on R1 and R2 performance. 
Specifically, when ammonium and nitrite accumulation was observed in the bioreactors, it was 
either influent concentrations or the HRT which were adjusted. Additionally, mixing gas 
frequency was changed after 37 days of the phase 3 start-up, from continuous to 2 minutes on 
/ 1 minute off. pH levels were adjusted manually, as described above. The purpose of this 
operation strategy was to always supply enough substrate for the bacteria to avoid any shear 
stress on bacterial cells as a mixing result and to keep pH levels closer to optimal, as the influent 
source was containing sodium bicarbonate. After 114 days of operation and after three start-
up phases, we noticed for the first time that the NH4-N and NO2-N accumulation in both R1 
and R2 started being in lower levels, showing that the new biomass had adjusted in our 
bioreactors and anammox bacteria had started performing. However, the picture changed in 
day 133 and day 132 for bioreactor R1 and R2, respectively. The maximum NH4-N 
accumulated concentration was 178 mg/L for R1 and R2, while NO2-N was 24.2 mg/L and 
36.9 mg/L for R1 and R2, respectively (Figure 3.7). pH values were again high, despite the 
manual adjustments. Unfortunately, the average pH value for both R1 and R2 was 7.9, and the 
maximum recorded value was 9 in both bioreactors. 
Consequently, FA levels were higher than those mentioned in the literature. The average FA 
concentration was 5.5 mg/L in both bioreactors with 27.3 mg/L and 28.1 mg/L being the 
highest calculated values in R1 and R2, respectively (Figure 3.7d). The picture of the third 
start-up trial was encouraging at the beginning; however, the startup was found to be unstable 
due to the high pH and FA levels.  
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a. 
 
b. 
 
c. 
 
d. 
 
Figure 3.7: Phase3: Loading rates (a); Ammonium accumulation(b); Nitrite 
accumulation (c); pH versus FA (d) 
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3.3.4 Enhancing anammox bacteria  
Three litters of the anammox biomass from the source 2, were split into three 1 L Erlenmeyer 
flasks, CM2, CM3, and CM4, and kept in a shaker incubator. Microorganisms were provided 
substrate under optimal operating conditions and samples for nitrite-N concentrations were 
analyzed daily while ammonium-N was measured twice per week. All three bioreactors were 
performing in high levels, considering that on day 19, they were removing almost 100% 
removing 70 and 85 mg/L of ammonium-N and nitrite-N concentrations, respectively. The 
average influent ammonium and nitrite concentrations were 90 mg/L, respectively. The 
anammox granules were capable of removing up to 100 mg/L and 95 mg/L of ammonium and 
nitrite concentrations, respectively.  
The average ammonium-N removal for the three bioreactors was 79% and 77% of nitrite-N 
removal, with 99.4% and 99.5% being the highest removals for NH4-N and NO2-N, 
respectively (Figure 3.8). It was observed that when influent concertation of NH4-N and NO2-
N were above, approximately 200 mg N/L, bioreactors performance decreased. For that reason, 
after day 77, none of the reactors were fed with higher concentrations. On day 110, CM2 and 
CM 4 were used as seed for the next study while CM3 remained in the shaker incubator for an 
additional 132 days. Anammox bacteria in CM3 bioreactor were kept increasing their 
performance with an average of 87% and 91% ammonium and nitrite removal, respectively, 
and ammonium and nitrite removal up to 220 mg/L.  
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Figure 3.8: Averaged performance of CM2, CM3 and CM4 
 
3.4 Conclusion 
Start-up procedures for partial nitration anammox process were implemented and compared in 
MABRs and complete mixed reactors. Complete mix bioreactors were successfully enhanced 
anammox process, removing up to 200 mg N/L of NH4-N and NO2-N and average ammonium 
and nitrite removals of 79% and 77%, respectively. In complete mixed reactors, the biomass 
activity was increased from 0.05 g N/g VSS to 0.07 gN/gVSS. However, the MABRs resulted 
in the accumulation of ammonium-N and nitrite-N during the first two start-up strategies. The 
inoculating DEMON sludge that was used had approximately 5.2% of anammox population. 
The low anammox presence may affect start-up performance during the first and second trials, 
as bacteria were not able to overcome any inhibitory environmental conditions, such as high 
pH levels and FA concentration. However, during start-up phase 3, the anammox process was 
observed for a short period; however, the performance decreased due to elevated pH values. 
Additionally, it was observed that the use of pure nitrogen gas for mixing purposes could affect 
pH levels, as well. A mixture of N2/CO2 (95%/5%) can be used instead, to replace any carbon 
dioxide expel due to nitrogen gas. Finally, this study showed that turning off the aeration and 
enhancing anammox growth might not be a robust strategy to start-up the PNA process, as it 
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requires a strategy to lower the pH continuously. Future startups should involve growing both 
AOB and anammox bacteria as this will help in pH control and have a more natural and 
dynamic environment. 
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Chapter 4 
4 Successful Development of Sidestream Partial Nitritation – 
Anammox process in Membrane Aerated Biofilm Reactors 
4.1 Introduction 
In most wastewater treatment plants (WWTP), primary and secondary sludge is treated using 
anaerobic digestion to stabilize and reduce the volume of sludge for disposal. During this 
process, part of the sludge is converted into gases and biosolids, and the remainder consists of 
the supernatant. This generated sludge digester liquor is called sidestream wastewater, and it 
is characterized by a high content of nutrients (Maslon and Tomaszek, 2007). The sidestream 
can constitute up to one percent of the mainstream flow, 20% of the plant’s influent nitrogen 
load, and 35% of the plant's phosphorous load (Maslon and Tomaszek, 2007). Removal of 
nutrients from the sidestream benefits the mainstream WWTP operation by increasing plant 
capacity. Typical sidestream nitrogen removal processes include nitrification-denitrification, 
nitritation-denitritation (Nitrite Shunt), and partial nitritation anammox (PNA). 
In conventional biological nitrogen removal, ammonium is oxidized to nitrite by aerobic 
oxidizing bacteria (AOB) and then to nitrate, by aerobic nitrite-oxidizing bacteria (NOB). 
Subsequently, under anoxic conditions, heterotrophic bacteria oxidize a carbon source, using 
nitrate or nitrite as an electron acceptor, and reduce the oxidized nitrogen to nitrogen gas. These 
processes are referred to as nitrification-denitrification. In a nitrite shunt process, ammonium 
is converted to nitrogen gas, where AOBs are converting ammonium into nitrite, which at the 
presence of a carbon source, is converted directly to N2. The nitrite shunt process essentially 
eliminates nitrite oxidation to nitrate, resulting in 25% lower oxygen requirements and lower 
CO2 emissions, and 40% less carbon source requirements (WERF & WEF, 2015). As a result, 
this process is most suitable for wastewaters with low C:N and in systems where NOBs are 
suppressed (Lemaire et al., 2011). Partial nitration anammox (PNA) process, is a process that 
converts ammonium to nitrogen gas using a combination of two different groups of bacteria. 
More specifically, AOB bacteria convert part of the ammonium to nitrite. Subsequently, an 
anaerobic ammonium oxidizing (Anammox) bacteria consume the remaining ammonium and 
the produced nitrite, converting to nitrogen gas. The PNA process is highly valued for its 
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sustainability as the process: does not require an external carbon source,  demands about 60% 
lower oxygen, and has lower biomass yield consequently producing less sludge thereby making 
it an energy-efficient and cost-effective  (Strous et al. 1997; Wei et al., 2012; Lackner et al., 
2014; Xiaojin et al., 2017; Yang et al., 2017; Zhang et al., 2018). 
Typically, sidestream wastewater is treated using biofilm processes such as DeAmmon®, 
ANITA™Mox, and Terra-N®. These biofilm processes are referred to as conventional or co-
diffusion biofilm processes where the electron donor and electron acceptor are transferred from 
the bulk liquid to the biofilm. The DeAmmon® and ANITA™Mox processes are using 
AnoxKaldnes carrier media to support biofilm growth, which is added at a fill volume of 
around 40% (Bowden et al., 2015). DeAmmon® process is operated under intermittent aeration 
to support both aerobic and anaerobic bacterial growth. During anoxic periods, mechanical 
mixing is used to maintain well-mixed conditions. For a full-scale, maximum process rate had 
been reported at 1.5 g N/m2.d (0.375 kg N/m3.d) at 27 ⁰C, which consists of 70-85% nitrogen 
removal efficiency (Plaza et al., 2011). Furthermore, the ANITA™Mox process is a 
continuously aerated process to support both microbial growth and mixing purposes. Studies 
have shown an ammonium removal rate of 3 g N/m2.d (2.4 kg N/ m3.d) at 27-30 ⁰C, 
corresponding to 90% ammonium removal (Lemaire et al., 2011; Christensson et al., 2001). 
Terra-N® process is a one- or two-stage process, also using carrier media for biofilm growth. 
However, these are different from those described above. Bentonite, a fine powder, is used for 
biofilm growth, providing the reactors with high solids retention time (SRT). Intermittent 
aeration mode was typically used, providing fine bubbles for mixing purposes as well as for 
oxygen supply. During non-aerated periods, mechanical mixing was used to maintain a well-
mixed tank. Efficiencies up to 90% of ammonium removal have been reported at loading rates 
up to 1.5 kg N/m3.d (Bowden et al., 2015).  
Lemaire et al. (2014) studied the performance of the ANITA™Mox process in a pilot-scale 
MBBR for high strength wastewater, comparing carrier media with different surface areas. By 
controlling the DO concentrations, the process achieved 1.8 g N/m2.d (0.9 kg N/m3.d) removal, 
with NH4-N and TN removal efficiencies of 90% and 80%, respectively. Carrier media with a 
higher surface area (500 m2/m3) did not show better performance. ANITA™Mox process was 
also tested by Liu et al. (2014) in MBBR, using AnoxKaldnes K5 media (specific surface area: 
800 m2/m3). The process was successfully developed, achieving an ammonium-N removal up 
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to 2.1 g N/m2.d (1.7 kg N/m3.d) and 70% TN removal, using pH control. In 2017, Klaus et al. 
tried pH and DO control for high strength wastewater treatment. Pre-colonized Anox™ K5 
carriers were used to fill the MBBR, occupying approximately 32% of the reactor’s volume. 
The study showed that the use of mature carrier media could achieve greater than 85% 
ammonium-N removal in 120 days (Klaus et al., 2017). A review of the literature showed that 
conventional sidestream removal processes had shown an acceptable nitrogen removal rate. 
However, the ammonia nitrogen loading rates were lower, requiring a relatively bigger reactor 
volume, and the energy costs due to aeration and mixing were considerably high. 
Recently, a new biofilm reactor called a membrane aerated biofilm reactor (MABR) had been 
introduced for nitrogen treatment (Stricker et al., 2011; Houweling et al., 2017). MABR 
technology consists of a gas permeable media which delivers oxygen to a biofilm, that is 
attached to the surface of the media, by diffusion, (Casey et al., 1999).  MABRs are counter-
diffusion biofilm processes. The membrane supplies oxygen (the electron acceptor), while 
ammonia (the electron donor) is transferred from the bulk liquid to the biofilm growing on the 
membrane surface. MABRs increase the biomass inventory in existing reactors, while the high 
intramembrane oxygen pressure can achieve complete oxygen penetration. As a result, in 
situations where high strength wastewaters need to be treated, the entire biofilm thickness is 
utilized for nutrients removal (Casey et al., 1988; Houweling et al., 2017). MABR technology 
has been implemented for total nitrogen removal based on conventional nitrification-
denitrification reactions using the biofilm and suspended sludge, respectively (Houweling et 
al., 2017). There has been limited research that evaluated the potential of MABR technology 
for total nitrogen removal using the PNA process. Li et al. (2016) studied the PNA process in 
up-flow MABR (UMABR) for low strength wastewater treatment. Specifically, the system 
was operated for biofilm formation on the membrane as well as supporting bacterial growth in 
granules. The rate of oxygen supply was adjusted by a gas pressure meter, based on the 
monitoring data of an online DO controller/probe. With a nitrogen loading rate of 4.2 g N/m2.d 
(0.105 kg N/m3.d), NH4-N and TN removal of 90% and 81% were achieved, respectively. Li 
et al. harvested biomass samples from the MABR biofilm and the suspended granules. 
Microbial analysis showed that aerobic and anaerobic bacteria coexist on the membrane 
biofilm; however, anammox bacteria were the dominant species in granular samples. 
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Additionally, Augusto et al. (2018) examined the PNA process in MABR for low strength 
wastewater in two periods. During the first period, influent ammonium loading was 50 mg/L 
while during the second period, it was 100 mg/L. The process showed 98% of NH4-N and 87% 
TN maximum removal efficiency for the first period. During the second period, the ammonium 
removal was 96%; however, the TN removal dropped to 69%, showing that the process was 
unstable and micro aeration control was not effective (Table 4.1).   
Table 4.1: Partial Nitritation Anammox process in different technologies and 
wastewater strengths 
Control 
strategy 
Reactor 
type 
Process 
NH4-NInf  
(mg/l) 
Nitrogen 
removal rate 
(g N/m2.d)  
TN 
removal% 
Reference 
DO MBBR ANITA™ Mox 950 1.8  30-80 
Lemaire 
et al., 
2014 
pH MBBR ANITA™ Mox 634 2.1  70 
Liu et al., 
2014 
DO UMABR PNA 70 4.2 81 
Li et al., 
2016 
pH, 
DO 
MBBR PNA 350 1.75 80 
Klaus et 
al., 2017 
DO MABR PNA 50-100 0.18 69-87 
Augusto 
et al., 
2018 
 
This study aimed to evaluate the sidestream partial nitritation anammox process in MABR. 
The specific objectives were to develop (i) a partial nitritation process in MABR for sidestream 
wastewater treatment and (ii) a partial nitritation-anammox process in MABRs operated under 
continuous and intermittent aeration mode for sidestream wastewater treatment.   
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4.2 Materials and Methods 
4.2.1 Pilot-scale MABR setup 
The study was conducted using two pilot-scale MABRs (R1 and R2) with automatic control 
capability (Figure 4.1). The reactors had 2 liters working volume and housed a junior ZeeLung 
membrane module. The system is equipped with a feed pump (Stenner Peristaltic Pump 
170DM5), process air flowmeters (Cole-Parmer 65-mm Correlated Flowmeter), and mixing 
gas flow meters (Cole-Parmer 65-mm Correlated Flowmeter). The reactors' temperature was 
maintained at 35 ⁰C (±1) through tubing that was wrapped around the reactors and was 
connected to a heater (Julabo V Heating Circulator) supplying hot water. The membrane 
module consists of 40 fibers each 1 m long, yielding a total 0.1382 m2 membrane surface area. 
 
Figure 4.1: Schematic representation of the pilot-scale MABRs 
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4.2.2 Authentic and synthetic wastewater  
The MABR reactors were fed authentic sidestream wastewater for the first 33 days and 
switched to synthetic wastewater for the remainder of the experimental period. The authentic 
sidestream wastewater was collected from Guelph WWTP (Guelph, Ontario, Canada). The 
wastewater was collected once per month and stored at -4 ⁰C. The authentic wastewater was 
then kept outside of the freezer for one day, before use, to bring it to room temperature. The 
synthetic wastewater was adapted from Van de Graaf et al. (1996). The synthetic wastewater 
contained (per L of distilled water): NH4Cl, variable (~400 mg/L NH4-N); KHCO3, 500 mg; 
KH2PO4, 27.2 mg; MgSO4.7H2O, 300 mg; CaCl2.2H2O, 180 mg, and 1 ml trace elements 
solutions 1 and 2. The first trace elements solution contained 5g EDTA and 5g FeSO4. The 
second trace elements solution contained 15g EDTA, 0.43g ZnSO4.7H2O, 0.24g CoCl2.6H2O, 
0.99g MnCl2.4H2O, 0.25g CuSO4.5H2O, 0.22g NaMoO4.2H2O, 0.19g NiCl2.6H2O, 0.21g 
NaSeO4.10H2O, and 0.014g H3BO4.  
4.2.3 Anammox Seeding 
The reactors were not seeded with Anammox during the partial nitritation operation that lasted 
103 days. On day 60, the partial nitritation-anammox process was initiated. During this period, 
the reactors were seeded with 2 liters seed sludge from a DEMON operating plant (source 2) 
and 0.5 L of recovered biomass. The recovered biomass was obtained from a similar source; 
however, it had been exposed to an inhibitory condition. The recovery and acclimatization 
process took 187 days and was performed using a 1 L air-tight Erlenmeyer flask placed at a 
temperature-controlled (35 ⁰C) shaker incubator. The flask was fed daily using synthetic 
wastewater consisting of 10 – 50 mg/L NH4-N and NO2-N, depending on bacterial 
performance. The biomass was kept under anaerobic conditions by purging the flask daily with 
nitrogen and carbon dioxide gas mixture (95% N2 / 5% CO2).  
4.2.4 Pilot operation 
The MABRs were operated for a total of 132 days (Table 4.2). During the first period, the 
pilots’ objective was to demonstrate partial nitritation (partial conversion of ammonia to 
nitrite). The reactors were operated in a flow-through and under continuous aeration mode. 
The MABR was supplied with 15 mL/min process airflow, 90 mL/min mixing gas flow (2 min 
ON, and 2 min OFF). Once the desired partial nitration was demonstrated, the reactors were 
seeded with anammox bacteria and were operated with sludge recycling mode. The effluent 
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was collected in small tanks, and the biomass was returned to the reactors. On 111 day, there 
was no biomass coming out of the reactors. However, on 116 day,  small amount of biomass 
started exiting the bioreactors again until 125 day, where almost no solids found in the effluent. 
For three months, the system was supplied with sidestream wastewater from a nearby 
Wastewater Treatment Plant. In the next two months of the study, synthetic wastewater was 
created in the lab and was used as the pilot’s influent source.  The reactors were mixed using 
a mixture of nitrogen and carbon dioxide gas (95% N2 / 5% CO2). The mixture was used as per 
the finding in Chapter 3 that demonstrated a sudden increase in the reactor’s pH that was mixed 
with nitrogen gas. During the PNA development period, the reactors were operated under an 
identical condition for 41 days. After that, one of the reactors (R1) was switched to an 
intermittent aeration mode (30 minutes ON, 30 minutes OFF), whereas the second reactor (R2) 
was kept operated at continuous process aeration mode.  
Table 4.2: Operating parameters of bioreactors R1 and R2 
 Partial Nitritation process Partial nitration anammox process 
R1 & R2 R1 R2 
Loading rate 
(g NH4-N/m2.d) 
3.3 11.9 
NH4-N (mg/L) 292 390 
HRT (hours) 43 24 12 
Temperature (⁰C) 35 35 
Aeration mode 
 
Continuous Continuous Intermittent Continuous 
Duration (days) 1-32 33-59 60-132 
 
4.2.5  Sampling and analysis 
The bioreactor operating conditions, including pH, DO, temperature, and off-gas 
concentration, were monitored daily. The pH was measured using Thermo Scientific Orion 
VersaStar Pro Advanced Electrochemistry Meter with Orion 8107UWMMD Ross Ultra 
pH/ATC Triode probe. The bulk liquid dissolved oxygen and off-gas oxygen concentration 
was monitored using Thermo Scientific STARA2230 Star A223 DO Portable Meter and 
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MaxO2
+AE instruments, respectively. The MABR oxygen transfer rate (OTR) was calculated 
as per the following equation. 
( )
24 O
PF F PE E
m
M
OTR Q X Q X
V

=  −                                                                                 (4.1) 
Where: 
OTR : oxygen transfer rate (g O2/m2.d) 
OM : oxygen molecular weight (32 g/mol) 
PFQ , PEQ : process gas feed and exhaust specific flow rates (Nm
3/m2.h) 
mV : standardgas volume as STP (0.0224 m
3/mol) 
FX , EX : molar fraction of oxygen in feed and exhaust gas (-) 
Influent and effluent samples were collected three times per week for nitrogen and COD 
fraction analysis. Before the analysis, the collected samples were centrifuged (Clinical 200 
centrifuge) at 4500 rpm for 10 minutes. The supernatant was then filtered using 0.45μm syringe 
filters (VWR® 28145-503). The filtered samples were analyzed for ammonium nitrogen (NH4-
N), nitrite (NO2
-), and nitrate-nitrogen (NO3-N) using HACH methods 10031 (Salicylate 
method), 8153 (Ferrous sulfate method), and 10020 (Chromotropic acid method), respectively. 
The filtered samples were also analyzed for soluble chemical oxygen demand (sCOD) using 
HACH 8000 method. Total Suspended Solids (TSS) and Volatile Suspended Solids (VSS) 
were determined using standard methods (APHA et al., 2017).  
4.3 Results and discussion 
4.3.1 Influent wastewater and anammox seed characteristics 
Table 4.3 shows the seed sludge and sidestream wastewater characteristics used in this study. 
The two MABRs, R1 and R2, were seeded with 2 L of inoculum that contained anammox 
bacteria, taken from a DEMON reactor. The volatile suspended solids concentration was 1130 
mg VSS/L, and the VSS:TSS ratio was 0.80.  
The reactors were fed authentic wastewater during the first three months of the study. The 
authentic sidestream wastewater from Guelph’s WWTP had a relatively lower average 
ammonium concentration of 250 mg/L compared to the typical sidestream ammonia 
concentration (Bowden et al., 2015; Ramalingam et al., 2017). The synthetic sidestream 
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wastewater was created with higher ammonium-N concentrations to achieve a higher 
ammonium loading rate. Further, the TSS and VSS of the synthetic wastewater were 
substantially lower than the authentic wastewater. 
Table 4.3: Average sidestream wastewater and seed sludge characteristics  
 
Seed anammox 
sludge 
Authentic 
sidestream 
wastewater 
characteristics 
Synthetic 
wastewater 
characteristics 
NH4-N mg/L 92.9 251.3 372.8 
NO2-N mg/L 0 2.4 14.1 
NO3-N mg/L 277 7.8 4.7 
sCOD mg/L - 209.8 95 
TCOD mg/L - 245.7 - 
BOD5 mg/L - 21.3 - 
pH pH unit 7.3 7.8 7.7 
TSS mg/L 1420 500 10 
VSS mg/L 1130 386 4 
 
4.3.2 Acclimatized biomass 
The acclimatized biomass was harvested from the bioreactors used in the previous study that 
dealt with the startup of the anammox process (Chapter 3). At the end of the previous study, 
the bioreactors were drained, and the remained biomass from both bioreactors was mixed and 
incubated in a 1L reactor. The intent was to recover the anammox bacteria (Chapter 3; phase 
3) exposed to the inhibitory condition. The biomass was originally obtained from two different 
wastewater treatment plants source 1, source 2. The reactor was operated at a 35 ⁰C 
temperature, 7.5 pH, and 0.4 mg/L DO concentration and fed with ammonium-nitrogen, nitrite-
nitrogen, and trace elements. The nitrite concentration was measured daily to control nitrite 
accumulation and anammox bacteria inhibition. The ammonium and nitrite removal are shown 
in Figure 4.2a and Figure 4.2b, respectively. At the end of the acclimatization period, the 
average ammonia removal reached 80%, and nitrite removal reached almost 100%.  The NO2
- 
to NH4
+ ratio ranged from 1.09 to 1.94 and was higher than the stoichiometric ratio of 1.32. 
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The difference indicates the conversion of some of the nitrite either to nitrate or nitrogen gas 
through denitrification.  
 
 
 
Figure 4.2: Performance of the acclimatized biomass: (a) ammonia-N removal, (b) 
nitrite-N removal and (c) operating parameters 
 
4.3.3 Partial nitritation in MABR 
The first step to achieve a partial nitritation anammox process in MABRs was to develop and 
demonstrate a successful partial nitritation process. In the partial nitritation process, part of the 
ammonia is required to be converted to nitrite. Most importantly, the process should 
demonstrate inhibition of nitrite-oxidizing bacteria, thereby suppressing nitrite to nitrate 
conversion hence achieving nitrite accumulation. The process was started at 43 hours HRT that 
0
20
40
60
80
100
-10 60 130 200C
o
n
ce
n
tr
at
io
n
 (
m
g/
L)
 &
 %
Dates
(a)
Influent NH4-N (mg/L) NH4-N removal (%)
0
10
20
30
40
50
60
70
80
90
100
0 50 100 150 200
C
o
n
ce
n
tr
at
io
n
 (
m
g/
L)
  &
 %
Dates
(b)
Influent NO2-N (mg/L) NO2-N removal (%)
0
10
20
30
40
50
60
70
80
90
100
0
1
2
3
4
5
6
7
8
9
0 25 50 75 100 125 150 175 200
sC
O
D
 (
m
g/
L)
 
D
O
 (
m
g/
L)
, p
H
 a
n
d
 r
at
io
Dates
(c)
pH Dissolved oxygen (mg/L) sCOD (mg/L) NO2-:NH4+
65 
 
 
resulted in a 2.1 g/m2.d NH4-N loading rate (Phase 1). In R1, the ammonium – nitrogen removal 
rate started increasing on day 11 and went beyond the initial target of 50% NH4-N conversion, 
with a maximum of 90% ammonium conversion and 2.07 g/m2.d ammonium removal rate on 
day 20 (Figure 4.3). In R2 bioreactor, ammonium-N removal was observed on day 13, 
transcended the 50% conversion target, reaching up to 99.95% ammonium removal and 2.95 
g/m2.d ammonium removal rate on day 24 (Figure 4.3). Once the target 50% ammonia removal 
was observed, then the reactor’s HRT was decreased from 43 to 24 hours that doubled the 
ammonia loading rate. Higher influent ammonia loading rate drove the bioreactor to decrease 
its removal, with an average NH4-N removal of 61% and 58% for bioreactors R1 and R2, 
respectively (Figure 4.3a). The partial nitritation process was successful with a maximum 
ammonium removal rate of 4.01 and 3.98 g/m2.d, respectively. Mosquera-Corral et al. (2005) 
applied the partial nitritation process to treat digester liquor from the fish canning industry and 
achieved NH4-N removal efficiencies around 50%; however the process was not stable and 
after less than 10 days the efficiency reduced to 30-40%. Yamamoto et al. (2008) studied the 
stability of the partial nitritation process of swine wastewater digester liquor achieving a stable 
average of ammonium removal of 58%. Partially nitrified wastewater was then treated by an 
up-flow anammox column reactor.  
 
Figure 4.3: Ammonia nitrogen removal for R1 and R2- Partial nitritation process 
 
The amount of nitrite and nitrate produced in R1 and R2 are shown in Figure 4.4a and b, 
respectively. The nitrite production trends were similar for R1 and R2. For both R1 and R2, 
0
10
20
30
40
50
0
1
2
3
4
5
6
7
0 10 20 30 40 50 60
H
R
T 
(h
o
u
rs
)
R
at
e 
(g
/m
2
.d
)
Dates
R1: NH4-N removal rate (g/m^2.d) R2: NH4-N removal rate (g/m^2.d)
NH4-N loading rate (g/m^2.d) HRT (hours)
66 
 
 
the results showed that almost all the removed ammonia was converted to nitrite and remained 
as nitrite. In R1, the nitrite production reached up to 2 g/m2.d and 4.3 g/m2.d during phases 1 
and 2, respectively. The production rates were similar for R2. In all cases, the nitrate production 
rate remained low, indicating successful NOB inhibition. In both R1 and R2, the nitrate 
production rate started at a very minimum of 0.05 g NO3-N/m
2.d and reached up to 0.37 g NO3-
N/m2.d at the end of the partial nitritation study. The NO3-N produced accounted for 2.5 to 
10% of the removed ammonia. This result is in agreement with previous studies that showed 
NOB inhibition during high ammonia influent wastewater treatment (Kouba et al., 2014; Ma 
et al., 2015). 
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Figure 4.4: Fate of removed ammonia in a partial nitritation process: (a) R1 and (b) R2 
  
Figure 4.5 depicts influent and effluent sCOD and pH profiles. The bioreactors had a pH of 7.5 
to 8 at the beginning of the nitritation process, and the value reduced and remained between 
6.5 to 7 after the onset of the nitritation process that consumed alkalinity.  Interestingly, the 
bioreactor effluent sCOD concentration was higher than the influent concentration indicating 
that there is no denitrification process in none of the bioreactors.  
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Figure 4.5: Influent and effluent sCOD and pH partial nitritation phase for R1 and R2 
 
4.3.4 Partial Nitritation Anammox process development in MABRs 
After the successful development and maintenance of the partial nitritation process in both 
MABRs, the next step was to seed both reactors with anammox bacteria and characterize an 
anammox startup in MABR post-AOB biomass establishment. Two liters of seed sludge 
(source 2) was added in R1 and R2 on day 60. The MABR was operated at 12 hours HRT. The 
HRT was decreased from 24 hours to 12 hours so that 50% ammonia removal, lower bulk 
liquid DO and thus enhanced anammox performance is achieved. Samples were analyzed two 
to three times per week for 72 days and showed that sidestream wastewater treatment through 
the PNA process is achievable in MABRs.  
MABR1 and MABR2 were operated under similar conditions except for the aeration mode. 
R1 was operated under continuous aeration mode until day102, and under intermittent aeration 
for 30 days. R2 was operated under continuous aeration for 72 days. The reactors were fed 
with an average ammonia loading rate of 10.5 g/m2.d. In R1, a 4.6 g/m2.d average ammonia 
removal rate was observed with a maximum ammonium removal up to 10 g/m2.d. In the second 
phase, the R1 aeration mode was changed to intermittent aeration, with 30 minutes process 
aeration on and 30 minutes process air off. Under this operating condition, the intermittently 
aerated reactor showed a lower ammonium removal rate. The average and maximum 
ammonium removal rate in R1 was 3.6 g/m2.d and 6.8 g/m2.d, respectively, whereas the R2 
average and maximum removal rate remained at 5.5 and 10.7 g/m2.d (Figure 4.6a). Figure 4.6b 
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shows the oxygen consumption rates that showed high variability during the first 42 days, but 
after that showed a stable average consumption rate of 8.9 and 10.6 g O2/m
2.d for R1 and R2, 
respectively. Further analysis showed the ammonia removed to the oxygen consumed ratio was 
lower than the stoichiometric ratio for nitrification. This result can be used as first confirmation 
showing that the ammonia removal followed a different pathway than nitrification. 
 
Figure 4.6: Ammonia nitrogen removal (a) and Oxygen consumption rate (b)  in R1 and 
R2 during the partial nitritation anammox process 
 
Figure 4.7 shows the residual nitrite in MABR1 and MABR2. Effluent nitrite concentrations 
were always higher than those in the influent, showing the AOB’s activity inside the bioreactor. 
An exception consists of the results on day 132 and 134, where the feeding pump failed and 
resulted in a longer HRT. During this period, the ammonia loading rate dropped to 4 g NH4-
N/m2.d, and the ammonia impact on NOB inhibition was minimized, resulting in full 
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nitrification. The nitrate-nitrogen levels went up to 300 mg/L for a few days. However, once 
the loading rate was returned to the typical value, the inhibition seemed to resume as seen from 
the nitrate production that returned to the previous low concentrations of 10 – 40 mg/L. The 
average (minimum) effluent nitrite concentrations were 138 mg/L (21 mg/L) and 144 mg/L 
(42.6 mg/L) for R1 and R2 during the first 42 days, where both reactors were operated under 
continuous aeration. The residual nitrite concentration declined in the latter 30 days of 
operation; the residual average (minimum) nitrite concentration in R1 and R2 were 58.2 mg/L 
(7.3 mg/L) and 86.3 mg/L (15.2 mg/L) g NO2-N/m
2.d, respectively. Comparatively, the 
intermittently aerated reactor showed the lowest nitrite concentration; the residual nitrite was 
three times lower than the period when it was continuously operated. In contrast, its  NH4-N 
removal rate was slightly lower, 1.3 times that the one observed during continuous aeration the 
reactor. The results showed that AOB’s activity was slightly declined during intermittent 
aeration mode; however, the anammox activity was increased. R2 also showed a decrease in 
the residual nitrite concentration despite continuous aeration and a similar or greater ammonia 
removal during these periods. This decrease can be considered as an indication of an active 
anammox biomass development in the later dates.   
Figure 4.8a and b show the produced nitrate and nitrate to ammonia ratios in MABR1 and 
MABR2. The average measured nitrate production, during the continuous aeration phase, was 
12.4 and 17.5 mg/L, while the estimated average concentration was 15.3 and 17.46 mg/L for 
R1 and R2, respectively. As for the intermittent aeration phase of R1, the average nitrate 
production was 18.25 mg/L, with an average estimated nitrate production of 13.3 mg/L. The 
nitrate production was estimated as per the anammox process stoichiometry that showed 10% 
of the removed NH4-N would be converted into NO3-N (Strous et al., 1997). In R1, the nitrate 
production over the ammonium removal ratio was 0.30 and 0.46 during the continuous and 
intermittent aeration period, respectively, while in R2, the ratio was 0.42. 
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Figure 4.7: Residual Nitrite nitrogen in R1 and R2 during the PNA process 
 
 
Figure 4.8: Produced Nitrate nitrogen in (a) R1 and (b) R2 during the PNA process 
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AOBs activity was noticeable during both continuous and intermittent aeration modes. 
Ammonium was partially consumed by AOBs’ which produced nitrite. Both nitrogen 
compounds were then available for the anammox bacteria to be converted into dinitrogen gas. 
Figure 4.6, Figure 4.7, and Figure 4.8 depict the ammonium removal rate; the remained nitrite 
and the nitrate-nitrogen production rate in R1 and R2. The NH4-N removal rate was always 
higher than the remained NO2-N, with the nitrate remaining below zero; these results were an 
indicator of conversion of the ammonium to nitrogen gas in an anammox process. If the 
anammox bacteria were not active, the nitrite nitrogen levels would have been close to the 
ammonium conversion rate. The results would have been similar to the one reported during 
partial nitritation study. During the last one month of the PNA study, R1 showed an average 
and maximum remained nitrite of 1.24 g/m2.d and 1.77 g/m2.d while an average and maximum 
ammonium’s removal rates of 3.39 g/m2.d NH4-N and 6.8 g/m2.d, respectively. Additionally, 
the average and maximum nitrate production levels were 0.19 and 0.68 g/m2.d, excluding any 
scenario of nitrite being removed by any nitrifying activity. During this startup period, the 
average and maximum total nitrogen removal during intermittent operation of R1 was 1.86 
g/m2.d and a 4.82 g/m2.d corresponding to 11.8 and 34.6 % of the removed ammonia, 
respectively (Figure 4.9a).  
Similarly, the average and maximum remained nitrite-nitrogen in R2 were 3.19 and 7.16 
g/m2.d, respectively. The reactor also showed very low nitrate production, indicating that 
anammox reaction was occurring in R2. Further analysis showed an average and maximum 
total nitrogen removals of 1.54 and 5.17 g/m2.d, equivalent to 12.8 and 41.2% of the removed 
ammonia, respectively (Figure 4.9b). In all cases, the NO3
-:NH4
+ remained close to the 
anammox stoichiometry. Hence, AOBs and anammox bacteria are the dominant bacteria inside 
R2 and the nitrogen removal process is Partial Nitritation/Anammox.  
An interesting observation was how pH affected the PNA process. The MABR systems were 
equipped with a pH dosing pump based on a timer where the pump comes at a specific period 
and supplies a constant alkalinity dose. However, during several of the circumstances, it was 
observed that upon enhanced anammox activity, the bioreactor pH increased to 8 and above. 
That subsequently led to a drop in TN removal and nitrite accumulation due to pH inhibition 
of anammox bacteria. And after one week, the process recovers and reaches to a higher 
anammox activity and TN removal that again increased pH, with a similar consequence as 
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above (Figure 4.9). This trend had repeated several times, that gave an insight into the 
importance of using an automated pH control with a pH sensor feedback as opposed to constant 
time feedback.    
 
 
Figure 4.9: Total Nitrogen removal rate in (a) R1 and (b) R2 during PNA process 
 
Figure 4.10 shows influent and effluent dissolved oxygen (DO) and sCOD concentration 
profile. In R1, the DO levels decreased from 2.31 to 0.32 during the continuous aeration vs. 
intermittent aeration mode. This decrease in bulk liquid DO concentration was considered as 
the primary reason why the anammox activity thrived during the intermittent aeration phase. 
Furthermore, the effluent sCOD concentrations were higher than the influent concentration 
showing sCOD release from endogenous decay. The result is also an indication of a possible 
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lack of organic carbon consumption and minimal denitrification activity in the bioreactor 
(Figure 4.10).  
As in bioreactor R1, DO levels also decreased with time in R2. More specifically, on the first 
day of the inoculation with anammox sludge, DO was equal to 2.21 mg/L. However, on day 
111, the DO drop to 0.29 mg/L but slightly increased to 1.09 mg/L during the last day (Figure 
4.10). This shows that the environment inside the bioreactor can support both AOB’s and 
anammox bacteria for the PNA process. Lastly, sCOD did not show any removal. Influent 
sCOD concentrations were always lower than those at the effluent indicating that no carbon 
dependent microorganisms were present in R2, like bioreactor’s R1 situation (Figure 4.10). It 
is important to mention, though, that on day 88, where nitrifying activity was noticed, the 
effluent sCOD was 170 mg/L, 240 mg/L lower than this in the influent, explaining the NOBs 
activity and the unusual nitrate production.   
 
 
Figure 4.10: Influent and effluent sCOD and DO concentration in R1 and R2 during 
PNA process 
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4.4 Conclusions 
This study evaluated the Partial Nitration/Anammox process development for sidestream 
wastewater treatment in a pilot-scale Membrane Aerated Biofilm Reactor. The stoichiometric 
nitrate production over the ammonium removal ratio, as well as the nitrite concentrations in 
the effluent, proved that anammox activity occurred without any enrichment phase. Reactors 
were started running under continuous aeration mode to help AOB’s grow and then inoculated 
with anammox bacteria. Ammonium removal rate observed in MABR1 during partial 
nitritation period was up to 4.01 g/m2.d and 3.98 g/m2.d for MABR2, showing a maximum 
ammonium removal of 90.18% and 99.95%, respectively. Furthermore, during partial 
nitritation anammox process, MABR1 showed that 10.1 g/m2.d of ammonium removal is 
feasible during the continuous aeration mode, while for MABR2, under continuous aeration 
mode as well, the ammonium removal rate was up to 10.74 g/m2.d. Ammonium removal rate 
dropped when aeration mode changed to intermittent for R1, showing a maximum ammonium 
removal rate of 6.84 g/m2.d. Maximum TN removal for MABR1 was 4.77 g/m2.d and 4.82 
g/m2.d, under the continuous and intermittent aerated mode, respectively, while MABR2 
showed maximum TN removal of 5.17 g/m2.d. Overall, both bioreactors showed high removal 
capacity. However, further research needs to be done to increase the PNA capacity by 
enhancing anammox bacteria presence in the MABRs.  
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Chapter 5 
5 Conclusions and Recommendations 
This master’s thesis reported the lessons learned from start-up partial nitration anammox 
process for sidestream wastewater treatment in MABR and the development of this process in 
the same bioreactor. In this chapter, the key findings of the current work and recommendations 
for future research are presented.  
5.1 Conclusions 
The results presented in this study lead to the following conclusions: 
• Phases 1 and 2 anammox startup strategies based on conventional MABR operating 
strategies did not yield a robust TN removal performance. The study identified three 
operating conditions, including pH (7-8), mixing flow (15.5 mL/min), and gas type 
(95% N2 / 5% CO2) as three parameters for a successful MABR based PNA operation. 
It was also observed that the anammox granules took a longer time to be attached to 
the membrane surface. Hence, anammox bacteria growth as the first step for sidestream 
PNA start-up in MABR may not be a preferred strategy. 
 
• Phase 3 startup that implemented manual pH control shows a relatively better 
performance with a maximum TN removal rate of 0.26 g N/m2.d  for R1 and 0.59 g 
N/m2.d for R2; however, the process was found unstable due to higher pH in the 
bioreactor. Further investigation on these incidental pH increases shows that it is related 
to the use of pure nitrogen gas for mixing purposes as opposed to a result of the 
biological process. In this study, nitrogen gas has been used for mixing and maintaining 
an anoxic environment. However, using the nitrogen gas contributed to process failure 
due to influence of the nitrogen gas in displacing and exhausting the carbon dioxide 
gas. Exhausting carbon dioxide in the anammox process led to process failure both by 
increasing the pH and creating a shortage in inorganic carbon, which is a carbon source 
for the anammox bacteria. It was identified using a gas mixture with 95% nitrogen gas 
and 5% carbon dioxide is a better strategy by maintaining carbon dioxide and optimal 
pH levels. Further automated pH control during the start-up period of PNA in MABR 
is crucial for the process performance and establishment.   
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• The first phase of sidestream PNA process development in MABR showed that with 
ammonium-N loading rate from 0.90 g/m2.d to 5.95 g/m2.d, the partial nitritation 
removal rate was from 0.20 g/m2.d to 4 g/m2.d, achieving up to 99.95% NH4-N 
removal, around 25% higher than typical cited sidestream nitritation rates. In this study, 
a gas mixture of N2/CO2 (95%/5%) was used for mixing purposes as well as for 
maintaining anoxic conditions to the bulk liquid.  
• Enabling AOB growth to achieve partial influent ammonium conversion to nitrite, and 
then introduce anammox biomass in the MABR, is a promising way to develop the 
PNA process. The PNA process ammonia removal rate, for continuous aeration mode, 
was from 1.82 g/m2.d to 10.74 g/m2.d, for both bioreactors, with a maximum TN 
removal rate of 5.17 g/m2.d. An intermittent versus continuous aeration mode showed 
an average NH4-N removal capacity of 4.6 g/m
2.d and 3.6 g/m2.d, respectively.  
5.2 Recommendations  
The following recommendations for future research can be made to complement and extend 
the current study: 
• Introduce an automated pH control on aerated and non-aerated periods to fully 
understand the impact of pH on the PNA process as well as increasing PNA capacity 
in MABRs by avoiding pH inhibition on anammox bacteria. 
• Carrier media to support the anammox growth can be added to study the potential of 
increasing the PNA capacity in MABR as a way of enhancing anammox bacterial 
activity, under continuous aeration and intermittent aeration modes. 
• It is recommended that research can be conducted to study the potential of the 
sidestream PNA process in MABR in lower temperatures than 35 ⁰C.  
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Appendices 
 
Appendix A 
In order to evaluate microbial activity of the received biomass, activity test was performed. 
Although anammox sludge was collected from a full-scale plants’ reactor (source 2), it was 
shipped in a cooler and was stored at 4 ⁰C for 3 months. Considering that anammox bacteria 
are sensitive to temperature changes (Lotti et al, 2015; Tomaszewsk et al, 2017), it was 
important to evaluate the anammox activity after transportation and storage. Before conducting 
the activity test, sludge was transferred to 1 L Erlenmeyer flask where pH was adjusted to 7.5, 
flushed with nitrogen/carbon dioxide gas for 5 minutes to maintain anaerobic conditions and 
then placed in a shaker incubator at 35 ⁰C and155 rpm mixing speed for 5 days. Bacteria were 
also supplied with sodium nitrite (NaNO2), as ammonium was already present in the sludge, 
and trace elements solution 1 and 2, as described. 
Table A 1: Biomass characteristics before incubation 
Parameter Unit Value 
NH4-N mg/L 72 
NO2-N mg/L 55.2 
NO3-N mg/L 259 
pH pH unit 7.3 
DO mg/L 0.53 
TSS mg/L 1420 
VSS mg/L 1130 
After 5 days in the shaker incubator, 1 L of anammox sludge was prepared with approximately 
1:1 NH4-N and NO2-N concentrations. pH was adjusted to 7.44 with 0.3 g of sodium 
bicarbonate (NaHCO3). The flask was flushed with N2/CO2 gas to keep anaerobic environment 
and then placed in the shaker incubator again for 2, 4 and 24 hours. The above described 
process was followed every time after samples were collected and before flask was returned to 
the shaker incubator. Samples’ analysis followed the same process as the one described in 
3.2.5.   
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Anammox bacteria did not show any activity during the performed activity test. As Figure A 
1 depicts, ammonium concentration was decreased during the 24-hour test, however nitrite 
followed an increasing trend. The AOBs were the dominant bacteria in the sludge consuming 
ammonium and converting it into nitrite. Nitrate concentrations did not change significantly 
throughout the test, showing that no nitrification or denitrification reaction occurred. Despite 
the low dissolved oxygen concentration, the AOBs has been reported that they can copy under 
anoxic conditions (Geets et al., 2006), more specifically they can avoid oxygen starvation even 
below 0.56 mg/L of dissolved oxygen. However, anammox activity was observed in both, R1 
and R2 bioreactors, as described in previous paragraphs. This may be because anammox 
bacteria need longer periods of time to adjust to new environments and recover any inhibition.  
 
Figure A 1: Activity test on anammox biomass 
References 
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Appendix B 
For Salicylate method, the blank was prepared by adding 0.1 ml of ammonia-free water to one 
tube while 0.1 ml of filtered sample was added to a tube for the samples’ analysis. 
Continuously, ammonia salicylate reagent powder pillow and ammonia cyanurate reagent 
powder pillow was added to each vial. Reagent powders were provided by the manufacturer. 
Vials were shaken thoroughly to dissolve the powders and left on rack for 20 minutes. If 
ammonia-nitrogen was presented in the samples, the reaction released green color.  For nitrite 
concentrations, Ferrous Sulfate Method (8153) for concentrations between 2 – 250 mg/L NO2- 
was used. 10 ml of filtered samples were added in 2 samples cells. One of the cells consisted 
the blank while the second one was added the contents of one NitriVer 2 Nitrite Reagent 
Powder Pillow. Stopper was placed on the sample cell and was shaken to dissolve the reagent 
powder and left aside for 10 minutes. If the samples contained any nitrite, a greenish-brown 
colour started to show. Nitrate was also a parameter which was tested with Hach reagents. 
Chromotropic Acid Method (10020), for concentration between 0.2 – 30.0 mg/L of NO3-N 
was used for nitrate values. 1 ml of filtered sample was added to a NitraVer X Reagent A Test 
'N Tube vial. The vial was inverted 10 times to mix and was used as a blank to program the 
0.0 mg/L NO3-N concentration to the spectrophotometer. One NitraVer X Reagent B Powder 
Pillow was added to the same vial, inverted 10 times to mix, and left 5 minutes, until the 
reaction was finished. If any nitrate was present in the samples, a yellow color showed.  
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Appendix C 
 
 
Figure A 2: DO concentration in R1 and R2 
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